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Project Summary
Results from this project indicate that density in combination with settlement at
depth in potentially marginal habitat contribute to reductions in growth, yield, and
reproductive effort. In general, Study Area was not a contributing factor to the
reductions in the three areas of scallop biological processes we measured. Scallops
that settle in dense aggregations at varying depths may respond differentially to
environmental conditions, food availability, habitat, and removals.
Quarterly sampling cruises were conducted from May 2018 through June 2020 in
two Study Areas in the Elephant Truck Flex (ET) and Nantucket Lightship (NL) Access
Areas. These two areas represented dense aggregations of sea scallops observed by
several annual resource surveys. Each Study Area was stratified based on density into
High, Medium, and Low density strata. Seven randomly selected stations were
sampled in each density strata and Study Area during a trip, for a total of 21 stations
sampled per trip.
Growth analyses indicated differences in growth were observed between the two
Study Areas. In the ET, after indications of initial slow growth, the scallops in this area
returned to near normal size at age. Declines in asymptotic mean length (𝐿𝐿∞ ),
estimated from von Bertalanffy growth models, were also projected as density
increased. The decline was more pronounced in the NL Study Area across the density
gradient compared to in the ET Study Area.
Analysis of shell height meat weight data showed that this relationship was
consistently lower for scallops in the NL Study Area compared to the ET Study Area.
For both Study Areas, the mean meat weight of a hypothetical 100 mm scallop declined
as density increased. At the highest density observed in the NL (38 scallops m-2),
average meat weight was estimated at 10.07 g.
In the NL Study Area, fewer scallops in the High density strata exhibited
reproductive activity compared to the Medium or Low density strata. Reproductive
activity was similar across density strata in the ET. Reproductive effort (the ratio of
gonad weight to total tissue weight) also declined as density increased, with a 33%
reduction in reproductive effort from 0.05 scallops m-2 to 38 scallops m-2.
Results from this study will enhance our knowledge of the scallop population with
respect to conditions that diverge from expected biological processes. Results will also
allow for better management and assessment of the resource when these situations
occur in the future, as well as inform managers and stakeholders regarding
expectations for scallops in dense aggregations.
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Project Background
A characterization of the vital functions of a species forms the basis of a full
understanding of its population dynamics. Growth, mortality, and reproduction are
fundamental processes critical to the means by which populations change over time and
it is the understanding of these processes that are foundational to mathematically
describing them. As such, a core element of fisheries science is providing empirical
support for the assumptions used in mathematical models, and the utility and accuracy
of such models is dependent upon the quality of these data inputs. The accurate
description of population dynamics for a species represents only one component of
effective management. In many cases, fisheries managers leverage the understanding
of life history characteristics and use these attributes to craft measures to achieve a
management objective.
The sea scallop, Placopecten magellanicus, supports a fishery that landed 27.5 mt
of adductor muscle meats, with an ex-vessel value of $570 million U.S., in 2019 (NOAA,
2020). These landings resulted in the sea scallop fishery being one of the most
valuable single species fisheries along the East Coast of the U.S. While historically
subject to extreme cycles of productivity, the fishery has benefited from management
measures intended to bring stability and sustainability. These measures include: limited
entry, effort controls, gear and crew restrictions, and a strategy to improve yield by
protecting scallops through rotational area management.
At its core, scallop management is quite simple. It attempts, through a suite of
strategies, to reduce mortality on scallops at sizes (ages) where their scope for growth
(i.e., fishery yield) and reproductive potential are below some optimum level. Effective
implementation of these strategies results in a population of scallops with a broad age
distribution, taking advantage of relatively fast somatic growth (e.g. adductor muscle)
and exponential gamete production. With such a strategy, the harvested fraction of the
population has passed through the lag phase of their growth curve and has had the
opportunity to spawn multiple times. Under this scenario, for a given appropriate level
of fishing mortality, egg and yield per recruit will reach a relative maximum. Implicit to
the effective application of these management strategies are assumptions related to
growth, yield, survival, and reproduction.
Supporting major U.S. and Canadian fisheries on the continental shelf from the MidAtlantic Bight through Georges Bank (GB) and into the Canadian Maritimes, the basis
for the understanding of sea scallop life history is supported by a rich literature that has
well described growth, yield, and reproduction for this species. Given the broad spatial
extent of the scallop resource, considerable variability exists in the vital functions of the
sea scallop. This variability represents an interesting challenge, especially in the
context of a management strategy in the U.S. that attempts to partition the resource on
an increasingly finer spatial scale. Regardless of this challenge, growth (Hart and
3

Chute, 2009), yield (Hennen and Hart, 2012; Sarro and Stokesbury, 2009), and
reproduction (MacDonald and Thompson, 1985) have been well described. These
estimates of life history characteristics form the basis of our current knowledge. This
empirical work captures, as it should, the vital functions of sea scallops under conditions
that approximate “normal” and as such are appropriate to characterize the long run
attributes of the population. An increasingly critical question is: How well does this
understanding hold under conditions that deviate from the long-term averages? One
such attribute that may elicit such a response is population density and the question
follows: At what density levels are vital functions affected?
The sea scallop has a complex life
history with a pelagic, dispersing larval
phase. Larval settlement to the benthos
and subsequent metamorphosis to the
juvenile form (seed scallops) can result
in dense aggregations. Despite a mobile
juvenile form, general movement and
subsequent dispersal from settlement
sites is thought to be limited. Thus,
aggregations of juveniles typically
progress to high densities of sub-harvest
size scallops, and eventually to
harvestable, adult scallops. The ability
to detect such occurrences of high
density settlement has been enhanced
Figure 1. Image of the 2012 YC of high
by the intensity and resolution of sea
density
scallops in the southern portion of
scallop resource monitoring over the last
the NL. This image was taken in August
decade. This monitoring has resulted in
2017 by SMAST.
the detection of two large recruitment
events in different regions of the resource. In 2013, multiple survey efforts documented
the presence of large numbers of scallops from the 2012 year class (YC) along the
Southern Flank of GB and extending to the west into the Nantucket Lightship (NL). The
epicenter of the distribution was located in the southern portion of the NL at roughly 124
- 150 m (Figure 1). This is not a typical scallop settlement area and has not supported
significant densities of scallops for many decades. Regardless of the historical
precedent, these animals have persisted at high densities, and these densities appear
to be, at least in part, responsible for growth below expectations. This retarded growth,
as well as below average yield, is to such an extent that a harvestable size was not
reached until 2019. Even in 2019, growth and yield from this cohort was lower than
what would be expected from scallops of this age.
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In 2014, resource surveys
observed a widespread recruiting
class (2013 YC) in the Mid-Atlantic
Bight. The locus of this recruitment
occurred in the Elephant Trunk Flex
Area (ET) (Figure 2). The ET is a
traditional area for the scallop
resource and typically supports
strong growth and robust yield, in
contrast to the high density area in
the NL, where conditions are
considered to be less favorable for
fast growth and high yield. Based
Figure 2. Image of the high density area in
on three years of monitoring data for
the ET Flex from the NEFSC Habcam in
2015 - 2017, the length frequency
2015.
distributions of the ET Flex are
shown in Figure 3. For this depiction of the resource, the Flex area was partitioned into
two separate areas to delineate the extreme density area (“the Blob”) from the rest of
the Flex area. One can clearly see the incoming 2013 YC that was roughly 25 mm in
2015. This cohort grows through time; however, the average size begins to diverge in
2015
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Mean Length = 48.78 mm

Mean Length = 69.73 mm
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Figure 3. Relative length frequency distributions and mean length of scallops in the ET Flex
area, delineated by density. The “Blob” is the high density area and the Flex is the remainder of
the ET Flex area.
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2016 and 2017. This divergence is consistent with a density dependent effect that
results in smaller animal size as resources become limiting (Cóte et al., 1993; Cóte et
al., 1994).
The occurrence of low terminal size, slow growth populations present a
management dilemma. Several general questions arise:
1. Should the scallops simply be abandoned to become food for benthic
predators?
2. Should the scallops be considered for transplantation with the assumption of
subsequent growth to a harvestable size, although the associated mortality
losses and cost of transplantation may preclude this as an economically
viable option?
3. Should the scallops be left in place and protected under the presumption that
high densities will support high fertilization efficiency of gametes when or if
spawning occurs and have these populations serve as spawning reserves?
4. Should the scallops be harvested by the commercial fleet through an access
area allocation or via days-at-sea in an effort to decrease abundance? And if
so, would harvest improve growth and/or yield?
While these and other options may be the subject of debate, we lack sufficient data to
adequately evaluate any of these approaches. The occurrence of high density
populations of scallops that are currently growing in the NL and ET suggest that this
phenomenon may be a recurring event. As rotational area management continues to
be a driving management strategy for this fishery, high density areas may become a
more common occurrence. A comprehensive understanding of the processes involved
need to be obtained in order to inform the development of a proactive management
protocol to develop approaches to maximize both the biological productivity and
economic yield of such localized populations. This approach should be viewed as a
long-term objective.
Based on the 2018 stock assessment, approximately half of the estimated
biomass was contained in the Southern NL and ET Flex regions, with the majority of this
biomass being in high density beds (NEFSC, 2018). Scallops in these beds have been
characterized by slow growth, below average yield, and questionable contributions to
egg production. Given the potential importance of these animals to the resource in the
near term (e.g. setting of fishery specifications – ABC/ACL) and the potential for similar
high density recruitment events to occur in the future, we conducted a two-year study to
investigate the effect of density on scallop growth, yield, and reproduction in the NL and
ET Flex high density areas. In addition to assessing the impact of density on scallop
performance, we also assessed the viability of different management options to deal
with high density scallop beds for use in the future.
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Methods
Study Areas
One area in the ET and another area in the NL were selected as Study Areas
based on 2017 Virginia Institute of Marine Science (VIMS) dredge survey and Northeast
Fishery Science Center (NEFSC) Habcam survey data. These data were used to
identify the high density scallop beds of concern and stratify Study Areas based on
density. Each Study Area was stratified into a Low density stratum, Medium density
stratum, and High density stratum (Figure 4). Density strata were defined based on a
combination of density thresholds and 2018 Scallop Area Management Simulator
(SAMS) Area boundaries. Density strata thresholds were generally defined as < 1
scallop m-2 for the Low density strata, 1 - 2 scallops m-2 for the Medium density strata,
and > 2 scallops m-2 for the High density strata.
Sampling Protocols
Beginning in 2018, quarterly sampling trips were conducted in each Study Area
onboard limited access commercial scallop vessels. The first ET trip occurred in May
2018 and was completed in conjunction with a Sea Scallop Research Set- Aside (RSA)
funded survey of the Mid-Atlantic Bight. The first NL trip was completed in July 2018 in
conjunction with the VIMS NL survey funded through the RSA. Following these trips,
sampling was conducted every three months. The definitions of quarters by Study Area
are provided in Table 1. Seven randomly selected stations were sampled in each
density strata during a trip, for a total of 21 stations sampled per trip. Due to low catch
rates of scallops in the Low density strata in both Study Areas, additional randomly
selected stations were completed to increase sample sizes when necessary.
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Table 1. Definitions of quarters for each Study Area.
Study Area

ET

NL

Quarter

Months

Q1

May - July

Q2

August - October

Q3

November - January

Q4

February - April

Q1

July - September

Q2

October - December

Q3

January - March

Q4

April - June

8

Figure 4. Study Area and density strata boundary maps for the ET Study Area on the right and the NL Study Area on the
left. 2018 Access Areas are also displayed.

9

At each station, sampling was conducted with a 2.4 m sea scallop survey dredge
equipped with 5 cm rings, 10 cm diamond twine top, and a 3.8 cm diamond mesh liner.
Standard sea scallop survey protocols for fishing the dredge were followed at each
station (Rudders et al., 2020). Tow duration was 15 minutes, with a towing speed of
approximately 3.8 - 4.0 kts and a scope-to-depth ratio of 3:1 for the tow wire. Highresolution navigational logging equipment was used to accurately determine and record
vessel position. A Star-Oddi™ DST sensor was used on the dredge to measure and
record dredge tilt angle, as well as depth and temperature.
Sampling of scallop catch volume was conducted in the same manner described
by DuPaul and Kirkley (1995), which has been utilized during all sea scallop surveys
since 2005 (Rudders et al, 2020). At each station, the entire scallop catch was placed
in traditional scallop baskets to quantify total catch. Total scallop catch or a sub-sample
was measured to the nearest mm from the umbo to the shell margin to determine the
size frequency of scallops caught at a given station. Subsampling protocols dictated
that up to three bushel baskets of scallops be measured depending on total scallop
catch. Thirty scallops at each station were sampled to collect biological data to assess
the effect of density on growth, yield, and reproduction, as well as monitor animal health
and product quality. Scallops were selected to be representative of the catch at a given
station. First a shell height measurement was taken for each scallop. Then each
scallop was carefully shucked and the adductor muscle and gonad were separated from
the remaining soft tissue (Figure 5). Remaining soft tissue, referred to as the viscera,
consisted of the gills, mantle, digestive gland, eyes, and all other soft tissue excluding
the gonad. The adductor muscle, gonad, and remaining soft tissue were individually
weighed at sea with a Marel™ M2200 motion compensating scale to the nearest 0.01
gram (wet weight). Biological characteristics and product quality information were also
collected. Biological data included sex and reproductive stage. Product quality was
evaluated through visual inspection of each adductor muscle and shell using a semiqualitative ordinal coding scheme for each characteristic assessed. Characteristics
evaluated included overall market condition, color, texture, and the presence of blister
disease. The presence/absence and number of nematode lesions observed on each
adductor muscle were also quantified through gross observation. The top shell was
saved for ageing back at VIMS. The first three female gonads sampled at a station
were preserved in 10% formalin and later transferred to 70% ethanol for long-term
storage. Gonad samples are being stored at VIMS for a potential future analysis to
measure fecundity, egg size, and egg quantity using histological methods.
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Adductor
muscle
Viscera
(Remaining
soft tissue)
Gonad

Figure 5. Example of how scallop soft tissue was separated and weighted along with
the top shell saved for ageing.
Station level catch and location information were entered into FEED (Fisheries
Environment for Electronic Data), a data acquisition program developed by Chris
Bonzek at VIMS. Data from the bridge were entered into FEED using an integrated
GPS input. Station level data included location, time, tow-time (break-set/haul-back),
tow speed, water depth, weather, and comments relative to the quality of the tow.
FEED was also used to record detailed catch information at the station level for
scallops. Scallop catch was entered into FEED as the number of baskets caught.
Length measurements were recorded using an Ichthystick measuring board integrated
with the FEED program to allow for automatic recording of length measurements. Shell
height, soft tissue weight, and product quality data were also recorded using FEED.
The Marel scale was also connected to FEED to allow for automatic recording of weight
data.
Shell samples were aged using the external ring method described in Hart and
Chute (2009), as well as a novel method involving the resilium, which has been
developed at VIMS by Dr. Roger Mann’s lab (Mann and Rudders, 2019). Another
FEED application was developed to record shell data automatically using digital
calipers. For a complete description of both ageing methods please refer to Mann and
Rudders (2019).
Density Stratum Analysis
Prior to completing analyses related to the objectives of this study, we assessed
the accuracy of the density stratum delineation by Study Area. Absolute density
11

(scallops m-2) was calculated for each sampling station. The expanded number of
scallops caught-at-length was summed to get total catch by sampling station. To
account for reduced survey dredge efficiency (q) that has been documented in the NL
South Deep SAMS Area, a reduced q of 0.13 was used to scale the relative number of
scallops in the NL Study Area High density strata (NEFSC, 2018). The standard q of
0.40 for soft bottom was applied to all other strata in both Study Areas (Miller et al.,
2018; NEFSC, 2018).
The mean and standard error for the number of scallops and density were
calculated for each stratum by Study Area. Mean densities with 95% confidence
intervals were plotted by strata and Study Area to compare density. A Scheirer Ray
Hare test, a nonparametric alternative for a two-way ANOVA, was used to test for
differences in density between Study Areas and density strata, after finding that
assumptions of normality and homogeneity of variance were violated (Skokal and Rohlf,
1995). An interaction between Study Area and density strata was also included. To
determine if there were significant differences between density strata and Study Area
levels, a pairwise Wilcoxon rank sum test was used with a Bonferroni correction for
multiple comparisons. Parametric assumptions were tested with a Shapiro Wilk test
and Levene’s test of equal variance, respectively. Statistical significance (α) for all
analyses was equal to 0.05. All analyses were completed in R (R Core Team, 2020).
Growth Analysis
Length and age data were analyzed to determine the impact of density on scallop
growth.
Length Data
Length data were analyzed with several approaches. Relative length frequency
distributions and mean length by Study Area, trip, and density strata were compared to
examine how growth fluctuated over the study between density strata and Study Areas.
To test for differences in mean length, a similar approach for comparing density across
strata was used. Mean length by Study Area, cruise, and density stratum were
assessed with the same nonparametric tests (i.e., Scheirer Ray Hare test and Wilcoxon
rank sum test), after parametric assumptions of normality and homogeneity of variance
were violated. Length frequency distributions by Study Area/density strata
combinations were tested for significant differences with the clus.lf function in the
fishmethods R package (Nelson, 2016). This function performs a Kolmogorov &
Smirnov test that accounts for a lack of independence between sampling stations.
Generalized additive mixed models (GAMM) were developed to model the
relationship between scallop catch-at-length and several predictor variables. GAMMs
allow for flexibility in modelling non-linear relationships between a response variable
and predictor variables through the use of smoothing functions (Hastie and Tibshirani,
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1990; Wood, 2017; Pedersen et al., 2019). The response variable was the unexpanded
number of scallops-at-length per station in five mm length intervals. Predictor variables
considered were length interval (mm), average depth at a station (m), station level
density (scallops m-2), beginning latitude at a station, Study Area, and an interaction
term of length and density. A thin plate regression smoothing spline was used all for
continuous main effect predictor variables and the interaction term. A random effect
smoother was used for the random effect term and allows for the significance of the
random effect to be determined (Pedersen et al., 2019). Other smoothing functions
were also considered (i.e., thin plate regression spline with a shrinkage penalty and
cubic regression spline for the length term), but did not impact model fits. Since
beginning latitude and depth were correlated (R2 = 0.85), depth was selected for
inclusion in model development. Station was included as a random effect to account for
the spatial correlation of scallops caught at a given station (Pinheiro and Bates, 2000).
An offset term to account for differences in subsampling of catch and tow distance at
the station level was also included (Holst and Revill, 2009). The negative binomial error
distribution was chosen after preliminary analysis with a Poisson error distribution
indicated the data were overdispersed (Zuur et al., 2009). The general GAMM was:
𝑔𝑔�𝑢𝑢𝑙𝑙,𝑑𝑑,𝑠𝑠,𝑚𝑚 � = 𝑠𝑠(𝛽𝛽𝑙𝑙 ) + 𝑠𝑠(𝛽𝛽𝑑𝑑 ) + 𝑠𝑠(𝛽𝛽𝑚𝑚 ) + 𝛽𝛽𝑠𝑠 + 𝑠𝑠(𝛽𝛽𝑑𝑑𝑑𝑑 ) + 𝑥𝑥𝑖𝑖 + 𝑠𝑠(𝛾𝛾𝑖𝑖 )

where 𝑔𝑔 is the log link function, 𝑢𝑢𝑙𝑙,𝑑𝑑,𝑠𝑠,𝑚𝑚 is the expected mean number of scallops caught
as a function of length bin 𝑙𝑙, scallop density 𝑑𝑑, Study Area 𝑠𝑠, and depth 𝑚𝑚. 𝛽𝛽𝑑𝑑𝑑𝑑 is the
interaction term of density 𝑑𝑑 and length bin 𝑙𝑙. 𝑠𝑠 is the smoothing function for each
predictor variable and random effect term. 𝑥𝑥𝑖𝑖 is the offset term (𝑙𝑙𝑙𝑙(𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖 ∙
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖 )) at station 𝑖𝑖, and 𝛾𝛾𝑖𝑖 is the random effect of station 𝑖𝑖.

Candidate models were developed with a manual forward selection procedure.
To determine if the smoother function varied between Study Areas, models that allowed
the smoothness to differ between Study Areas with one common smoothing function for
the interaction of Length:Density were also included in the model development process
(Pedersen et al., 2019). Models with the term s(Length,Density,by = Area) in the
Results Section represent models with this type of smoother. Depth was also included
as a linear predictor in the preferred model configuration based on model results that
indicated the effective degrees of freedom for the depth term was 1.94 when a
smoothing function was applied. Restricted maximum likelihood was used for
parameter and smoothing function estimation to avoid issues of overfitting that can
occur with the Generalized Cross Validation method of estimation (Wood, 2011;
Pedersen et al., 2019). All models with an interaction term included main effect terms
as well. Models were compared with the AIC, and the model with the lowest AIC was
selected as the preferred model (Burnham and Anderson, 2002; Pedersen et al., 2019).
Model goodness-of-fit was assessed with residual diagnostics including a Q-Q plot,
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residuals against fitted model values, and residuals against all explanatory variables.
GAMMs were fitted with the mgcv R package (Wood, 2011).
Age Data
von Bertalanffy growth models were developed following methods described in
Hart and Chute (2009) using external ring signature age data. The general von
Bertalanffy growth model was:
𝐿𝐿𝑡𝑡+1 = 𝐿𝐿𝑡𝑡 + (𝐿𝐿∞ − 𝐿𝐿𝑡𝑡 )[1 − exp(−𝐾𝐾)]

where 𝐿𝐿𝑡𝑡+1 is the shell height at time 𝑡𝑡 + 1, 𝐿𝐿𝑡𝑡 is the shell height at time 𝑡𝑡, 𝐿𝐿∞ is
asymptotic mean length, and 𝐾𝐾 is the Brody growth coefficient. Generalized linear
mixed effect models (GLMM) were used to estimate von Bertalanffy growth parameters
with density (scallops m-2), average depth at a station (m), beginning latitude, and an
interaction term of depth and density as potential fixed effects. Since beginning latitude
and average depth were correlated (R2 = 0.84), depth was selected for inclusion in
model development. A random effect structure of scallop nested within station was
included to account for the repeated measures taken from each scallop shell aged and
the spatial correlation of scallops caught at a given station (Hart and Chute, 2009;
Pinheiro and Bates, 2000). Mean growth parameters (𝐿𝐿∞ and 𝐾𝐾) were estimated with a
random intercept model (𝐿𝐿∞ only) and random intercept/slope model (𝐿𝐿∞ and 𝐾𝐾), after
visual inspection of Ford Walford plots with linear regression fits indicated differences
between slopes for density strata by Study Area (Figure 6).

Figure 6. Ford Walford plots by Study Area and density strata with linear regression fits
(solid lines).

14

To maintain consistency with the stock assessment approach, where growth
parameters are estimated for Georges Bank and the Mid-Atlantic individually, Study
Area data were analyzed separately (NEFSC, 2018). An additional growth model
including data from both Study Areas, where Study Area was included as a fixed effect,
was also developed to confirm a significant effect of Study Area on growth. Results
from this model are not included in this report.
All combinations of predictor variables were considered in model development.
Main effect terms were included in models with the interaction term. Models were
compared with the AIC and BIC, and the model with the lowest AIC and BIC was
selected as the preferred model (Burnham and Anderson, 2002; Hart and Chute, 2009).
Models were fit with restricted maximum likelihood using the mixed-effect lme4 R
package (Pinheiro and Bates, 2000; Hart and Chute, 2009). Model goodness-of-fit was
assessed with residual diagnostics including a Q-Q plot, residuals against fitted model
values, and residuals against all explanatory variables.
Yield Analysis
The relationship between shell height and meat weight (SHMW) was estimated
with GLMMs, following a similar approach used by VIMS to estimate SHMW
relationships derived from annual sea scallop resource surveys following methods by
Hennen and Hart (2012) (Rudders et al., 2020). The response variable was the log
transformed adductor muscle meat weight (g). Fixed effect predictors considered were
the log transformed shell height (mm), log transformed average depth (m), scallop
density (scallops m-2), beginning latitude at a station, Study Area, an interaction term of
Study Area and density, and an interaction term of shell height and depth. Maturity
stage was also included as a fixed effect to account for fluctuations in meat weight that
result from the spawning cycle (Sarro and Stokesbury, 2009; NEFSC, 2018). Since
beginning latitude and average depth were correlated (R2 = 0.84), depth was selected
for inclusion in model development. Sampling station and year were included as
crossed random effects in preliminary models. The variance associated with year was
estimated at 0.0001 for all models and was not considered in further model
development. All models included sampling station as a random effect to account for
correlation between scallops caught a station (Pinheiro and Bates, 2000). The general
GLMM was:
𝑔𝑔�𝑢𝑢𝑙𝑙,𝑑𝑑,𝑠𝑠,𝑚𝑚,𝑡𝑡 � = 𝛽𝛽0 + 𝛽𝛽𝑙𝑙 + 𝛽𝛽𝑑𝑑 + 𝛽𝛽𝑠𝑠 + 𝛽𝛽𝑚𝑚 + 𝛽𝛽𝑡𝑡 + 𝛽𝛽𝑑𝑑𝑑𝑑 + 𝛽𝛽𝑙𝑙𝑙𝑙 + 𝛾𝛾𝑖𝑖

where 𝑔𝑔 is the log link function, 𝑢𝑢𝑙𝑙,𝑑𝑑,𝑠𝑠,𝑚𝑚,𝑡𝑡 is the expected mean weight (g) as a function of
length 𝑙𝑙, scallop density 𝑑𝑑, Study Area 𝑠𝑠, depth 𝑚𝑚, and maturity stage 𝑡𝑡. 𝛽𝛽0 is the
intercept term. 𝛽𝛽𝑑𝑑𝑑𝑑 is the interaction term of density 𝑑𝑑 and Study Area 𝑠𝑠, 𝛽𝛽𝑙𝑙𝑙𝑙 is the
interaction term of length 𝑙𝑙 and depth 𝑚𝑚, and 𝛾𝛾𝑖𝑖 is the random effect of station 𝑖𝑖.
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Candidate models were developed with a manual forward selection procedure.
Main effect terms for all interaction variables were included in all models with the
interaction term. Models were compared with the AIC and BIC, and the model with the
lowest AIC was selected as the preferred model (Burnham and Anderson, 2002).
Models with an AIC within two units of the AIC min were considered equally plausible as
preferred models (Bolker, 2008). If more than one preferred model was identified
through selection criteria, a Likelihood ratio test was used to determine which model
had a better fit to the data. If the Likelihood ratio test determined there was no
difference between models, the most parsimonious model was selected as the preferred
model. Model goodness-of-fit was assessed with residual diagnostics including a Q-Q
plot, residuals against fitted model values, and residuals against all explanatory
variables. Models were fit with maximum likelihood using the mixed-effect lme4 R
package (Pinheiro and Bates, 2000). SHMW relationships were then predicted using
the preferred model. A Tukey’s honest significance test (HSD) was run to test for
significant differences between categorical variable factor levels in the preferred model
(Miller, 1981). The glht function in the multcomp R package was used to carry out the
Tukey’s HSD tests (Hothorn et al., 2008).
Reproductive Analysis
The reproductive contribution of scallops across Study Areas and density strata
was investigated using reproductive effort (RE) as a proxy for the proportion of energy
invested in reproduction compared to growth and other somatic processes (Bayne and
Newell, 1983; MacDonald et al., 1987). Reproductive effort was calculated individually
for the 30 scallops sampled at each station using the following formula:
𝑅𝑅𝑅𝑅 =

𝑃𝑃𝑟𝑟
𝑃𝑃𝑟𝑟 + 𝑃𝑃𝑔𝑔

where 𝑃𝑃𝑟𝑟 represents gamete production (gonad weight) and 𝑃𝑃𝑔𝑔 represents somatic
production (meat weight plus viscera weight).

The relationship between RE and several predictor variables was investigated
using a GLMM with a binomial error structure and logit link. The response variable was
the RE for each scallop. Fixed effect predictors considered were the log transformed
shell height (mm), log transformed average depth (m), scallop density (scallops m-2),
beginning latitude at a station, Study Area, an interaction term of Study Area and
density, and an interaction term of shell height and depth. Sex and reproductive stage
were also included as fixed effects to account for observed differences in gonad weight
between sexes and the seasonality of the spawning cycle (Schmitzer et al., 1991; Sarro
and Stokesbury, 2009; Thompson et al., 2014; NEFSC, 2018). Since beginning latitude
and average depth were highly correlated (R2 = 0.84), depth was selected for inclusion
in model development. Sampling station and year were included as crossed random
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effects in preliminary models. The variance associated with year was estimated at
0.0001 for all models and was not considered in further model development. All models
included sampling station as a random effect to account for correlation between
scallops caught a station (Pinheiro and Bates, 2000). The general GLMM was:
𝑔𝑔�𝑢𝑢𝑑𝑑,𝑠𝑠,𝑙𝑙,𝑚𝑚,𝑡𝑡,𝑥𝑥 � = 𝛽𝛽0 + 𝛽𝛽𝑑𝑑 + 𝛽𝛽𝑠𝑠 + 𝛽𝛽𝑙𝑙 + 𝛽𝛽𝑚𝑚 + 𝛽𝛽𝑡𝑡 + 𝛽𝛽𝑥𝑥 + 𝛽𝛽𝑑𝑑𝑑𝑑 + 𝛽𝛽𝑙𝑙𝑙𝑙 + 𝛾𝛾𝑖𝑖

where 𝑔𝑔 is the logit link function, 𝑢𝑢𝑙𝑙,𝑑𝑑,𝑠𝑠,𝑚𝑚,𝑡𝑡,𝑥𝑥 is the expected RE as a function of scallop
density 𝑑𝑑, Study Area 𝑠𝑠, shell height 𝑙𝑙, depth 𝑚𝑚, reproductive stage 𝑡𝑡, and sex 𝑥𝑥. 𝛽𝛽0 is
the intercept term. 𝛽𝛽𝑑𝑑𝑑𝑑 is the interaction term of Study Area 𝑠𝑠 and density 𝑑𝑑, 𝛽𝛽𝑙𝑙𝑙𝑙 is the
interaction term of shell height 𝑙𝑙 and depth 𝑚𝑚, and 𝛾𝛾𝑖𝑖 is the random effect of station 𝑖𝑖.

Candidate models were developed with a manual forward selection procedure.
Main effect terms for all interaction variables were included in all models with the
interaction term. Models were compared with the AIC and BIC, and the model with the
lowest AIC was selected as the preferred model (Burnham and Anderson, 2002).
Models with an AIC within two units of the AIC min were considered equally plausible as
preferred models (Bolker, 2008). If more than one preferred model was identified
through selection criteria, a Likelihood ratio test was used to determine which model
had a better fit to the data. If the Likelihood ratio test determined there was no
difference between models, the most parsimonious model was selected as the preferred
model. Model goodness-of-fit was assessed with residual diagnostics including a Q-Q
plot, residuals against fitted model values, and residuals against all explanatory
variables. Models were fit with maximum likelihood using the mixed-effect lme4 R
package (Pinheiro and Bates, 2000). Reproductive effort relationships were then
predicted using the preferred model. A Tukey’s HSD was run to test for significant
differences between categorical variable factor levels in the preferred model (Miller,
1981). The glht function in the multcomp R package was used to carry out the Tukey’s
HSD tests (Hothorn et al., 2008).
Results
Sampling Trip Characteristics
From May 2018 through January 2020, sampling was conducted over fifteen trips
(Table 2). In the ET Study Area, sampling was completed over eight trips, although
sampling in Year 2 Q1 was split between two Mid-Atlantic resource survey trips. These
two trips are considered one sampling event. Seven sampling trips were taken in the
NL Study Area. Additional sampling was conducted in both Study Areas to increase
sample sizes in the Low density strata, as can be seen by the number of stations
sampled during each trip that is over the original 21 stations proposed to be sampled.
In total, 303 stations were sampled, with 149 and 154 stations sampled in the ET and
NL Study Areas, respectively. Due to zero catches in some Low density strata in both
Study Areas, data were collected at 297 stations. The last sampling trip in each Study
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Area was cancelled due to COVID-19 travel restrictions instituted by the Commonwealth
of Virginia and VIMS. The spatial distribution of sampling stations by Study Area is
included in Figures 7 and 8.
Table 2. Sampling trip information by cruise.
Number of
Sampling
Stations

Sail Date

Land Date

Cruise

Vessel Name

Study
Area

Year 1 Q1

Italian Princess

ET

22

5/19/2018

5/29/2018

Year 1 Q1

Celtic

NL

21

7/12/2018

7/18/2018

Year 1 Q2

Anticipation

ET

21

8/30/2018

9/1/2018

Year 1 Q2

Santa Isabel

NL

23

10/30/2018 10/31/2018

Year 1 Q3

Anticipation

ET

22

11/30/2018

12/1/2018

Year 1 Q3

Queen of Peace

NL

22

1/3/2019

1/5/2019

Year 1 Q4

Anticipation

ET

21

2/19/2019

2/28/2019

Year 1 Q4

Queen of Peace

NL

21

5/2/2019

5/4/2019

Year 2 Q1*

Italian Princess

ET

14

5/10/2019

5/18/2019

Year 2 Q1*

Carolina Capes II

ET

7

5/22/2019

6/2/2019

Year 2 Q1

Socatean

NL

22

7/24/2019

7/31/2019

Year 2 Q2

Anticipation

ET

21

8/12/2019

8/15/2019

Year 2 Q2

Santa Isabel

NL

23

11/4/2019

11/5/2019

Year 2 Q3

Norreen Marie

ET

21

1/9/2020

1/10/2020

Year 2 Q3

Queen of Peace

NL

22

1/21/2020

1/23/2020

* Indicates Mid-Atlantic resource survey trips completed in Year 2 Q1 in the ET Study Area. These two
trips are considered one sampling event for the ET Study Area in Year 2 Q1
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Figure 7. The spatial distribution of sampling stations completed in the Elephant Trunk
Study Area.
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Figure 8. The spatial distribution of sampling stations completed in the Nantucket
Lightship Study Area.
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Density Stratum Analysis
The mean number of scallops and scallop density along with standard errors and
range are provided in Table 3 by Study Area and density strata. The Scheirer Ray Hare
test results found the interaction of Study Area and density strata was significant (Pvalue < 0.001), indicating that density varied as a function of Study Area. This finding is
supported by examining mean density plots by Study Area and density strata (Figure 9).
This interaction was considered in subsequent analyses for growth, yield, and
reproduction. Post-hoc pairwise comparisons indicated the High density strata had
greater mean densities compared to the Medium and Low density strata across the two
Study Areas (P-value < 0.001 for both comparisons). The Medium density strata also
had higher mean densities relative to the Low density strata in both Study Areas (Pvalue < 0.001) (Table 3, Figure 9). The difference between the High and Medium
density strata was more pronounced in the NL Study Area compared to the ET Study
Area, while there was a smaller difference between the Low and Medium density strata
in the NL Study Area (Figure 9). Low and Medium density levels across the two Study
Areas remained relatively stable throughout the study, although there was more
variability observed in the Medium density stratum in the ET Study Area (Figure 9).
This variability may be a result of a patchy distribution of scallops in the density stratum
coupled with the random allocation of sampling stations to strata. There were declines
in density for both High density strata over the course of the study (Figure 10). These
declines can be attributed to natural mortality and commercial removals. The ET Flex
SAMS Area has been open for harvest since 2017 (50 CFR Part 648, 2017) and the
Nantucket Lightship South Deep SAMS Area has been open since 2018 (50 CFR Part
648, 2018), although little effort was observed in this area in 2018 or 2019 (Asci, 2019;
Asci, 2020). In the ET Study Area there was a sharp decline in density in the High
density stratum for the Year 2 Q1 trip and mean density was comparable to that of the
Medium and Low density strata (Figure 10). This could be a result of randomly selected
sampling stations for this cruise where, especially in the High density stratum, stations
were selected on the edges of the stratum boundary where densities were lower (Figure
7).
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Table 3. Mean number of scallops, scallop density, and depth with standard errors and range by Study Area and density
strata. The expanded values are presented for the Number of Scallops and Density columns.
Study
Area

ET

NL

Density
Level

Number of Scallops

Density (scallops m-2)

Depth (m)

Mean

SE

Mean

SE

Range

Mean

SE

Range

LOW

101.96

19.49

0.06

0.01

0.0005 - 0.37

44.42

0.52

36.57 - 51.12

MED

492.51

181.47

0.29

0.11

0.004 - 5.26

49.63

0.45

42.06 - 54.86

HIGH

1,180.33

174.29

0.69

0.10

0.009 - 2.72

52.14

0.50

45.72 - 59.24

LOW

28.44

3.67

0.02

0.00

0.001 - 0.07

64.63

0.97

50.09 - 78.36

MED

613.41

185.66

0.35

0.11

0.01 - 3.76

68.76

0.94

53.11 - 79.11

HIGH

10,988.09

646.69

19.15

1.14

2.35 - 38.98

72.51

1.04

48.30 - 83.25
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Figure 9. Mean density by Study Area and density strata with 95% confidence intervals.
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Figure 10. Mean density by Study Area, density strata, and sampling cruise with 95% confidence intervals.
24

Growth Analysis
Length Data
Analysis of length data indicated that both Study Area and density impacted
growth as it relates to shell height. Relative length frequency plots by Study Area and
density strata are shown in Figure 11. Comparisons of length frequency distributions
found significant differences for 11 out of the 15 combinations tested (Table 4). Relative
length frequency plots for both Low and Medium density strata across both Study Areas
showed variability in the length distributions across all sampling cruises. For the High
density strata, length distributions within a Study Area were similar and the scallops in
NL Study Area were generally smaller. For both Study Area High density strata,
scallops exhibited some growth beginning in Year 1 Q4. This growth was observed until
the Year 2 Q2 sampling trip or over approximately six months. A lack of growth in Year
2 Q3 has been associated with commercial removals. This six month time period of
growth was not observed in any of the other density strata.
Plots of mean length with 95 percent confidence intervals by Study Area and
density strata for all sampling cruises are shown in Figure 12 and mean length summary
information is provided in Table 5. Scallop mean length in the ET Study Area was not
found to differ significantly between density strata (P-values = 0.44 - 0.47 for pairwise
comparisons) or across cruises (P-value = 0.14). Although the mean length by density
strata did increase as a function of density, with a Low density stratum mean length of
98.97 mm and a mean length of 105.98 mm for the High density stratum (Table 5). For
the NL Study Area, there were significant differences in mean length between density
strata (P-values < 0.001 - 0.02 for pairwise comparisons), but not across cruises (Pvalue = 0.49). Mean length for the density strata were estimated at 120.52, 110.11, and
89.07 mm for the High, Medium, and Low density strata, respectively.
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Figure 11. Relative length frequency plots by Study Area and density strata by sampling cruise.
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Table 4. Results from the two-sample Kolmogorov & Smirnov test for combinations of
length frequency distributions by Study Area and density strata.
Pair

P-value

ET.HIGH vs ET.LOW

0

ET.HIGH vs ET.MED

0.29

ET.HIGH vs NL.HIGH

0

ET.HIGH vs NL.LOW

0

ET.HIGH vs NL.MED

0

ET.LOW vs ET.MED

0.53

ET.LOW vs NL.HIGH

0

ET.LOW vs NL.LOW

0

ET.LOW vs NL.MED

0.28

ET.MED vs NL.HIGH

0

ET.MED vs NL.LOW

0

ET.MED vs NL.MED

0.19

NL.HIGH vs NL.LOW

0

NL.HIGH vs NL.MED

0

NL.LOW vs NL.MED

0
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Figure 12. Mean length by Study Area and density strata with 95% confidence intervals by sampling cruise.
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Table 5. Mean length with standard errors and range by Study Area and density strata.
Elephant Trunk Flex
Density
Level

Nantucket Lightship

Mean
Length
(mm)

SE

Range
(mm)

Mean
Length
(mm)

SE

Range
(mm)

LOW

98.97

2.66

36 - 155

120.52

2.68

41 - 172

MED

100.56

2.64

32 - 160

110.11

2.32

58 - 158

HIGH

105.98

2.41

54 - 155

89.07

2.17

44 - 132

Twelve candidate GAMMs were developed for the catch-at-length analysis
(Table 6). Based on model selection criteria, GAM10 was selected as the preferred
model. GAM10 indicated an interaction term of length and density by Study Area, and
depth significantly affected scallop catch-at-length. Partial effect plots for the interaction
of length and density by Study Area are included in Figure 13. The interaction plots of
length and density by Study Area show that at extreme densities, the length range of
scallops contracts. The effect of density on catch-at-length in the ET Study Area was
not as pronounced. In both Study Areas, at low to medium densities scallops tended to
be larger. At the higher densities observed in the NL Study Area, scallops were
predicted to be smaller. These results are also evident in the comparison of mean
length by Study Area (Table 5). There was an increasing linear relationship between
depth and the number of scallops caught-at-length. This relationship is probably driven
by the large number scallops observed in the High density stratum in the NL Study
Area, where the average depth was 72 m with a range of 48 - 83 m.
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Table 6. Candidate GAMMs for the catch-at-length analysis ranked by AIC. Covariates
included in each model, along with the AIC, ΔAIC (AIC i – AIC min ), and deviance
explained are provided. The preferred model based on model selection criteria is
identified in bold. Length:Density indicates the interaction term; both main effects were
included in the model.
Model

Parameters

AIC

ΔAIC

Deviance
Explained

GAM10

s(Length:Density,by Area), Depth

40,535.23

-

93%

GAM9

s(Length:Density,by Area), s(Depth)

40,664.34

129.11

92%

GAM8

s(Length:Density), s(Depth), Area

41,077.87

542.64

93%

GAM5

s(Length,Density)

41,056.86

521.63

93%

GAM2

s(Length:Density), Area

41,129.79

594.56

93%

GAM4

s(Length:Density), s(Depth), Area

42,441.11

1,905.88

91%

GAM3

s(Length), s(Density), Area

42,476.50

1,941.27

91%

GAM7

s(Length), s(Density), s(Depth), Area

42,478.62

1,943.39

91%

GAM1

s(Length), s(Density)

42,479.02

1,943.79

91%

GAM6

s(Length), s(Density), s(Depth)

42480.62

1,945.39

91%
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Figure 13. Partial effect surface plots for model predictions from the preferred GAMM
model GAM10 for the interaction of length and density by Study Area on scallop catchat-length. Contour lines represent the difference from the mean scallop catch-at-length
on the log scale centered at zero predicted from the model. Yellow coloring indicates
high prediction values and red coloring indicates low prediction values.
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Age Data
A total of 4,696 scallop shells were aged during this project, representing all
density strata, cruises, and both Study Areas (Table 7). Hart and Chute (2009)
excluded shells with only two external ring signatures and scallop less than 40 mm. We
retained both categories of scallops in our analysis. Twelve percent of scallops
(majority were from the ET Study Area) had only two external ring signatures. Five
percent of scallops were less than 40 mm, with 64 percent of these scallops coming
from the NL Study Area. These small scallops were retained in the analysis to
represent the length distribution of scallops in this Study Area and to ensure the
potential effect of density on growth was accounted for. Growth parameters were
estimated with both random intercept and slope mixed effect models. Results for both
types of models were similar with respect to estimated 𝐿𝐿∞ and 𝐾𝐾 parameters. Since 𝐿𝐿∞
and 𝐾𝐾 are correlated and our dataset is considerably smaller than the Hart and Chute
dataset (n = 24,109 external ring signatures), consideration should be given to the
random intercept only model (𝐿𝐿∞ only) as the preferred model (D. Hart, personnel
communication; Hart and Chute, 2009; Quist and Isermann, 2017).
Table 7. Number of scallop shells aged and number of external ring increments
measured by cruise and Study Area.
ET Study Area
Sampling
Cruise

NL Study Area

Number
Shells

Number
Increments

Number
Shells

Number
Increments

Total
Number of
Shells

Year 1 Q1

164

259

149

291

313

Year 1 Q2

185

307

391

1,090

576

Year 1 Q3

164

267

402

1,083

566

Year 1 Q4

515

1,261

325

1,154

840

Year 2 Q1

331

842

345

1,251

676

Year 2 Q2

332

857

477

1,676

809

Year 2 Q3

464

2,005

452

1,932

916

Total

2,155

5,798

2,541

8,477

4,696
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Five von Bertalanffy growth models were estimated with the suite of predictor
variables for each Study Area for the random intercept and random intercept/slope
models separately (Tables 8 and 9). Model selection criteria (i.e., AIC and BIC) agreed
in three out of four analyses. For the ET Study Area random intercept only models, AIC
preferred the ET3 model, while BIC preferred the ET4 model (Table 8). A Likelihood
ratio test between the two models indicated ET3 was a better fit to the data (P-value =
0.01) and this model was selected as the preferred model. The Depth:Density
interaction model was the preferred model for both Study Areas and the interaction had
significant effect on scallop growth.
The effects of depth and density on predicted growth curves are shown in Figure
14 for the random intercept model only. Results for the random intercept/slope model
were similar. Growth curves for each Study Area were estimated with the mean depth
for each area and the minimum, mean, and maximum densities observed across all
trips in the area. No difference was observed between the minimum and mean density
growth curves for the ET Study Area. A reduction in asymptotic mean length at the
highest density of 5.26 scallop m-2 in the Study Area was detected. The effect of density
was more apparent in the NL Study Area, where declines in asymptotic length were
evident across the density gradient. At the maximum density of 38.98 scallop m-2, a
scallop was predicted to grow to 60.30 mm. Asymptotic mean length may be even
further reduced at increasing depth. Mean depth in the NL Study Area High density
stratum was 72.51 m and the maximum depth was 83.25 m, whereas the mean depth of
68.23 m was used for growth curve predictions. The effect of density on growth
deviates from results in Hart and Chute, especially for the NL Study Area, where density
had a negative effect on scallop growth only in areas open to fishing activity.
𝐿𝐿∞ and 𝐾𝐾 parameter estimates with standard errors and standard deviations are
provided in Table 10 by Study Area and model type (i.e., random intercept and random
intercept/slope model). 𝐾𝐾 estimates are comparable between model types for both
Study Areas, with estimates of 0.63 and 0.65 for the ET Study Area and an estimate of
0.47 for the NL Study Area. For 𝐿𝐿∞ estimates, the random intercept model had a higher
value of 165.87 mm compared to 163.83 mm for the random intercept/slope model for
the ET Study Area. In the NL Study Area the pattern was reversed. The estimate of
174.8 mm for the random intercept/slope model was greater than the random intercept
model estimate of 165.87 mm. Our estimates differ from results presented in Hart and
Chute (2009). For the ET Study Area, our 𝐿𝐿∞ and 𝐾𝐾 parameter estimates are greater
than the Mid-Atlantic estimates of 𝐿𝐿∞ = 133.3 mm and 𝐾𝐾 = 0.508. Our estimates are
also higher than Serchuk et al.’s (1979) 𝐿𝐿∞ = 151.8 mm and 𝐾𝐾 = 0.30 estimates for the
same area. For the NL Study Area, our 𝐾𝐾 parameter value of 0.47 is more comparable
to the Hart and Chute estimates for GB of 0.427, 0.457 (GB open area), and 0.413 (GB
closed area). Our 𝐿𝐿∞ estimate is greater than the three estimates provided by Hart and
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Chute (143.9 mm, 136.3 mm (GB open), and 147.8 mm (GB closed)). Hart and Chute’s
GB open and closed estimates account for areas of GB that have been closed to
scallop fishing since 1994 and periodically open to fishing through rotational area
management. The pattern of having a greater 𝐾𝐾 value in the Mid-Atlantic and larger 𝐿𝐿∞
estimate on GB was similar between our study and the Hart and Chute results, but we
did observe differences in growth between the two Study Areas at a much earlier length
of 50 mm compared to ~100 mm for Hart and Chute and scallops in the ET Study Area
grew to a larger length than the NL scallops.
Table 8. Candidate von Bertalanffy GLMMs ranked by AIC for the ET Study Area by
model type. Covariates included in each model, along with the AIC, ΔAIC (AIC i –
AIC min ), BIC, BAIC (BIC i – BIC min ) are provided. The preferred model based on model
selection criteria is identified in bold. Density:Depth indicates an interaction term; both
main effects were included in the model.
Model
Type

Random
Intercept
(𝐿𝐿∞ only)

Random
Intercept
& Slope
(𝐿𝐿∞ & K)

Model

Parameters

AIC

ΔAIC

BIC

ΔBIC

ET3

Density:Depth

36,211.35

-

36,264.65

2.20

ET4

Density, Depth

36,215.80

4.46

36,262.44

-

ET1

Depth

36251.51

40.16

36,291.49

29.05

ET2

Density

36,316.68

105.34

36,356.66

94.22

ET5

~1

48,006.68

ET3

Density:Depth

50,034.35

-

50,090.69

-

ET4

Density, Depth

50,193.66

159.32

50,242.97

152.28

ET2

Density

50207.61

173.27

50,249.87

159.18

ET1

Depth

51,175.92

1,141.57

51,218.18

1,127.49

ET5

~1

71,834.23

21,799.89 71,862.41 21,771.72
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11,795.33 48,033.33 11,770.89

Table 9. Candidate von Bertalanffy GLMMs ranked by AIC for the NL Study Area for
random intercept/slope models. Covariates included in each model, along with the AIC,
ΔAIC (AIC i – AIC min ), BIC, BAIC (BIC i – BIC min ) are provided. The preferred model
based on model selection criteria is identified in bold. Density:Depth indicates an
interaction term; both main effects were included in the model.
Model
Type

Random
Intercept
(𝐿𝐿∞ only)

Random
Intercept
& Slope
(𝐿𝐿∞ & 𝐾𝐾)

Model

Parameters

AIC

ΔAIC

BIC

ΔBIC

NL3

Density:Depth

50,034.35

-

50,090.69

-

NL4

Density, Depth

50,193.66

159.32

50,242.97

152.28

NL2

Density

50207.61

173.27

50,249.87

159.18

NL1

Depth

51,175.92

1,141.57

51,218.18

1,127.49

NL5

~1

71,834.23

21,799.89 71,862.41 21,771.72

NL3

Density:Depth

48,876.06

-

48,960.57

-

NL4

Density, Depth

49,078.28

202.21

49,155.74

195.17

NL2

Density

49,224.87

348.82

49,295.31

334.74

NL1

Depth

50,032.26

1,156.20

50,102.68

1,142.12

NL5

~1

58,263.04

9,386.97

58,319.38

9,358.81
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Table 10. von Bertalanffy growth parameter estimates for 𝐿𝐿∞ and 𝐾𝐾 by model type and
Study Area. Parameters estimates, standard errors (SE) and standard deviations (SD)
are included.
Model
Type

Study
Area

Random
Intercept
(L∞ only)
Random
Intercept
& Slope
(L∞ & K)

L∞

K
Estimate

SE

SD

Estimate

SE

SD

ET

0.63

0.0005

-

165.87

3.70

10.39

NL

0.47

0.003

-

167.31

4.03

8.77

ET

0.65

0.006

0.248

163.83

3.64

12.06

NL

0.47

0.004

0.213

174.8

3.86

16.46
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Figure 14. Predicted growth curves for the minimum, mean, and maximum densities of scallop observed in the ET and
NL Study Areas with the preferred growth model (ET3 and NL3, random intercept only) growth parameters and mean
depth.
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Yield Analysis
A total of 8,067 scallops were evaluated at 295 sampling sites to understand the
impact of density on yield. Broken down by Study Area, 4,021 scallops at 142 sampling
stations were assessed in the ET Study Area and 4,046 scallops at 153 scallops were
examined in the NL Study Area. The majority of scallops in both Study Areas (76% in
the ET and 98% in the NL) were determined to have excellent overall marketability
based on adductor meat color, texture, and presence of nematode lesions. Nematodes
lesions were only observed in the ET Study Area and this decreased the percentage of
scallops considered to have excellent marketability in the area. All six maturity stages
assessed by VIMS were observed in both Study Areas and the percentage of scallops
classified into each category varied over the course of the study. Variability in meat
weight was observed over the course of the study in both Study Areas. In the ET Study
Area, similar variability was seen across all three density strata where mean meat
weight and 95% confidence intervals generally overlapped (Figure 15). For the NL
Study Area, a similar pattern in the variability for the three density strata was observed,
but pronounced differences between density strata were noted. The sex ratio of males
to females at each Study Area was 51% males in the ET Study Area and 49% males in
the NL Study Area. Seven percent of scallops in the NL Study Area were classified as
unknown sex and with an Unknown Maturity Stage compared to only one percent of
scallops in the ET Study Area.
Twelve candidate GLMMs were developed (Table 11). Based on AIC, three
models were considered optimal models: GLMM7, GLMM8, and GLMM6. GLMM8 was
selected as the preferred model, based on model selection criteria. GLMM8 was the
most parsimonious model out of the three models with similar AIC values. Likelihood
ratio tests did not indicate a significant difference in the goodness-of-fit between the
three models. Using BIC values instead of AIC for model selection showed that a
similar model without Study Area was the preferred model. Shell height, depth, density,
Study Area, and Maturity Stage were included as predictor variables in GLMM8 (Table
11). Depth (P-value = 0.75) and Study Area (P-value = 0.07) were not significant
predictors of meat weight, and there was no significant difference between Study Areas
(Tukey’s HSD P-value = 0.07), after accounting for the other predictors. Shell height,
density, and maturity stage had significant impacts on meat weight. While maturity
stage was a significant predictor, only the Unknown Stage was significantly different
from the reference level of Rebuilding. Tukey’s HSD for maturity stage indicated the
majority of significant differences existed for the Unknown Maturity Stage when
compared to the other maturity stages. GLMM8 parameter estimates are provided in
Table 12. Depth, density, the NL Study Area, the Resting Maturity Stage, and the
Unknown Maturity Stage had negative effects on average meat weight. Model
diagnostics specified model fit was adequate.
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The predicted SHMW relationship from GLMM8 by Study Area and maturity
stage are shown in Figures 16 and 17. The NL Study Area SHMW relationship was
consistently lower across the length range of scallops assessed compared to the
predicted SHMW relationship estimated for the ET Study Area. Maturity stage did not
appear to impact the SHMW relationship in the ET Study Area as significantly as in the
NL Study Area, where the Unknown Maturity Stage SHMW curve was lower than all
other maturity stage curves. Predicted mean meat weight for a 100 mm scallop was
compared across densities observed in each Study Area for a Mature scallop (Figure
18). For both Study Areas, mean meat weight declined as density increased and there
was an average difference of 1.73 g between the ET and NL Study Areas at similar
densities. At the highest density observed in the NL Study Area of 38 scallops m-2,
average meat weight was estimated at 10.07 g.
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Figure 15. Mean meat weight (g) with 95% confidence intervals by Study Area, cruise, and density strata.
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Table 11. Candidate GLMMs for the SHMW analysis ranked by AIC. Covariates
included in each model, along with the AIC, ΔAIC (AIC i – AIC min ), BIC, BAIC (BIC i –
BIC min ) are provided. The preferred model based on model selection criteria is
identified in bold. Area:Density and Shell Height:Depth indicate interaction terms; both
main effects were included in the model.
Model

Parameters

AIC

ΔAIC

BIC

ΔBIC

GLMM7

Shell Height, Depth,
Density:Area, Maturity Stage

43,745.57

-

43,836.46

6.08

GLMM8

Shell Height, Depth,
Density, Area, Maturity
Stage

43,746.47

0.90

43,830.38

5.07

GLMM6

Shell Height:Depth,
Density:Area, Maturity Stage

43,746.98

1.42

43,844.87

14.49

GLMM5

Shell Height:Depth, Density,
Area, Maturity Stage

43,748.21

2.64

43,839.11

8.73

GLMM12

Shell Height, Depth, Density,
Maturity Stage

43,748.39

2.82

43,825.31

-

GLMM1

Shell Height:Depth,
Density:Area

43,794.49

48.93

43,857.43

27.05

GLMM4

Shell Height:Depth, Density,
Area

43,795.21

49.64

43,851.15

20.77

GLMM3

Shell Height:Depth, Density

43,797.38

51.81

43,846.33

15.95

GLMM9

Shell Height, Depth, Density,
Area

43,797.56

52.00

43,846.52

16.14

GLMM11

Shell Height, Depth, Density

43,799.42

53.85

43,841.38

11.00

GLMM2

Shell Height:Depth, Area

43,822.87

77.30

43,871.82

41.45

GLMM10

Shell Height, Depth, Area

43,828.07

82.50

43,870.03

39.65
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Table 12. Parameter estimates for the preferred GLMM8 for SHMW analysis. Standard
error (SE) and P-values are also included.
Parameter

Estimate

SE

P-value

Intercept

-10.41

0.06

< 0.01

Shell Height

2.92

0.002

< 0.01

Depth

-0.04

0.01

0.75

Density

-0.01

0.002

< 0.01

Area NL

-0.09

0.005

0.07

Mature

0.01

0.003

0.41

Spent

0.0005

0.003

0.98

Spawning

0.01

0.003

0.64

Resting

-0.03

0.002

0.14

Unknown

-0.07

0.003

0.004
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Figure 16. Predicted SHMW relationships by Study Area and maturity stage using the preferred model GLMM8.
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Figure 17. Predicted SHMW relationships by maturity stage and Study Area using the preferred model GLMM8.
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Figure 18. Predicted meat weight for densities observed during the project by Study
Area for a 100 mm scallop with a Mature Maturity Stage.
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Reproductive Analysis
In total, 7,998 scallops were evaluated at 294 sampling stations to investigate the
effect of density on RE. By Study Area, 4,021 scallops from 153 sampling stations in
the NL and 3,977 scallops from 141 sampling stations in the ET were included in this
analysis. Across all sampling cruises, meat, gonad, and viscera weights were lower in
the High density stratum in the NL than in the Medium or Low density strata (Table 13).
Reproductive effort followed a similar pattern and was consistently lower in the High
density stratum than the Medium or Low density strata in the NL (Figure 19). These
patterns did not hold in the ET, where RE, meat, gonad, and viscera weights were
generally similar across the three density strata for the duration of the study. The
pattern of lower reproductive activity in the NL High density stratum can also be seen in
the percentage of scallops in each maturity stage, where the percentage of scallops
staged as Mature or Spawning reached 50% during only one of the seven sampling
trips in the NL (Figure 20). Sea scallops in the ET were considered Mature or Spawning
more frequently than in the NL, and the percentage of scallops staged as Spawning or
Mature in the ET was remarkably similar between density strata.
Table 13. Mean meat, gonad, and viscera weights with standard errors by Study Area
and density strata.
Study
Area

ET

NL

Meat Weight (g)

Gonad Weight (g)

Mean

SE

Mean

SE

Mean

SE

LOW

29.73

0.34

9.29

0.17

39.61

0.44

MED

29.17

0.30

9.28

0.14

42.77

0.39

HIGH

26.80

0.23

7.91

0.12

41.15

0.33

LOW

37.59

0.44

13.04

0.27

54.88

0.58

MED

22.34

0.26

6.77

0.12

35.52

0.39

HIGH

8.62

0.11

1.92

0.05

16.27

0.17

Density
Level

46

Viscera Weight (g)

Figure 19. Reproductive effort (RE) across sampling periods, Study Areas, and density strata.
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Figure 20. Frequency of sea scallops in each reproductive maturity stage across sampling periods, Study Areas, and
density strata.
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Eleven candidate GLMMs were developed for the RE analysis (Table 14). Six of
the models were within two units of AIC min and were considered optimal models.
Likelihood ratio tests did not indicate a significant difference in the goodness-of-fit
between the preferred models. GLMM Model 4 was the most parsimonious of the
models with similar AIC values. Using BIC values instead of AIC for model selection
showed that a similar model without depth was the preferred model, with GLMM4
having the second lowest BIC value. Predictors in GLMM4 include density, shell height,
depth, maturity stage, sex, and depth. Depth was the only non-significant predictor of
RE (P-value = 0.08; Table 15). Study Area was not found to be a strong predictor of
RE, after accounting for these other factors, and was therefore not included in the
preferred model or model-based predictions. Model diagnostics indicated that model fit
was adequate.
Compared to the reference maturity stage of Rebuilding, Mature and Spawning
stages had positive effects on RE, while Spent, Resting, and Unknown stages had
negative effects (Figure 21). The Tukey’s HSD test for maturity stage indicated no
significant differences between Rebuilding and Mature or Spawning scallops. Unknown
scallops were not significantly different from Spent or Resting scallops. The remaining
pairwise maturity stage comparisons were significantly different. Both Male and
Unknown sexes had positive effects on RE compared to the reference level of Female,
though the Tukey’s HSD indicated that only Male and Female were significantly different
from each other.
The predicted RE relationships from GLMM4 are shown in Figures 21 - 24. Shell
height had a positive effect on RE, with larger scallops devoting more energy to
reproduction on average. There was a negative effect of density on RE, which was
driven largely by the high-density area in the NL (Figures 22 and 23). Though Study
Area was not identified as a meaningful predictor, density levels in Figure 22 represent
the average densities in each stratum throughout the study. The density levels in the
three density strata in ET were nearly identical with respect to the relationship with RE,
but scallops at the average density in the High density stratum in NL exhibited a 29%
decline in RE (Figure 22). To visualize this gradient, additional densities were added to
Figure 23. Generally, depth had a negative effect on RE, with scallops exhibiting the
lowest RE at the deepest depths and highest densities (Figure 24).
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Table 14. Candidate GLMMs for the RE analysis ranked by AIC. Covariates included in
each model are provided along with AIC, ΔAIC (AIC i – AIC min ), BIC, and ΔBIC (BIC i –
BIC min ). The preferred model based on model selection criteria is identified in bold.
Area:Density and Shell Height:Depth indicate interaction terms; both main effects were
also included in these models.
Model

Parameters

AIC

ΔAIC

BIC

ΔBIC

GLMM5

Density, Area, Shell Height,
Depth, Stage, Sex

25,388.42

-

25,479.21 11.64

GLMM8

Density, Area, Shell
Height:Depth, Stage, Sex

25,388.66

0.24

25,486.43 18.86

GLMM4

Density, Shell Height,
Depth, Stage, Sex

25,389.42

1.00

25,473.23

GLMM6

Density:Area, Shell Height,
Depth, Stage, Sex

25,389.74

1.32

25,487.51 19.94

GLMM7

Density, Shell Height:Depth,
Stage, Sex

25,390.17

1.75

25,480.95 13.39

GLMM11

Density:Area, Shell
Height:Depth, Stage, Sex

25,390.20

1.78

25,494.95 27.38

GLMM9

Density, Shell Height, Stage,
25,390.74
Sex

2.32

25,467.56

-

GLMM10

Density, Shell Height, Stage,
25,392.48
Sex, Area

4.05

25,476.28

8.72

5.66

GLMM3

Shell Height, Depth, Stage,
Sex

25,405.46

17.04

25,482.29 14.72

GLMM2

Shell Height:Depth, Stage,
Sex

25,407.19

18.77

25,490.99 23.43

GLMM1

Stage, Sex

25,482.20

93.78

25,545.06 77.50
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Table 15. Parameter estimates and standard errors (SE) for the preferred GLMM4 for
the RE analysis.
Parameter

Estimate

SE

P-value

Intercept

-3.28

0.459

< 0.001

Density

-0.01

0.002

< 0.001

Shell Height

0.34

0.062

< 0.001

Depth

-0.14

0.083

0.08

Stage Mature

0.22

0.082

0.006

Stage Spawning

0.06

0.082

0.42

Stage Spent

-0.28

0.082

< 0.001

Stage Resting

-0.42

0.089

< 0.001

Stage Unknown

-0.57

0.198

0.004

Sex Male

0.16

0.014

< 0.001

Sex Unknown

0.17

0.185

0.35
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Figure 21. Predicted Reproductive effort (RE) for a female scallop by shell height and maturity stage using the preferred
model GLMM4. Density and depth were held at their mean values. Shaded areas indicate standard errors.
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Figure 22. Predicted Reproductive effort (RE) for a mature female scallop by shell height and density using the preferred
model GLMM4. Depth was held at its mean value. Densities are representative of the average density observed across
density strata, with the NL Study Area indicated by dashed lines and ET Study Area by solid lines. Shaded areas indicate
standard errors.
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Figure 23. Predicted Reproductive effort (RE) for a mature female scallop by shell height and density using the preferred
model GLMM4. Depth was held at its mean value. Densities are representative of the average density observed across
density strata, with the NL Study Area indicated by dashed lines and the ET Study Area by solid lines. Dotted lines
indicate additional densities observed during sampling, with densities up 5 scallops m-2 observed in the ET and densities
up to 38 scallops m-2 observed in the NL.
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Figure 24. Predicted Reproductive effort (RE) for a 100 mm mature female scallop by depth and density using the
preferred model GLMM4. Densities are representative of the average density observed across density strata, with the NL
Study Area indicated by dashed lines and the ET Study Area by solid lines. Dotted lines indicate additional densities
observed during sampling, with densities up 5 scallops m-2 observed in the ET and densities up to 38 scallops m-2
observed in the NL.
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Outreach
As part of the outreach component of this project, a graduate student, Kaitlyn
Clark, was recruited. Ms. Clark participated in most of the sampling cruises and is
focusing on the reproductive component of the project as part of her dissertation. VIMS
has provided several updates on the project to the NEFMC Sea Scallop PDT and
Advisory Panel, as well as presented at two scientific conferences.
Presentations
•
•
•
•
•
•

November 16, 2018 - NEFMC Sea Scallop PDT presentation and discussion
document (Appendix A).
September 4, 2019 - NEFMC Sea Scallop PDT presentation (Appendix B).
May 19, 2020 NEFMC RSA Share Day presentation (Appendix C) and short
report (Appendix D).
March 24, 2021 - National Shellfisheries Association Annual Meeting
presentation (Appendix E) and poster (Appendix F).
April 22, 2021 - Annual Meeting of the Tidewater Chapter of the American
Fisheries Society presentation (Appendix G).
May 12, 2021 - NEFMC RSA Share day presentation (Appendix H) and
short report (Appendix I).

Discussion
Density
Overall, the division of Study Areas into density strata was supported by our
analysis. The density thresholds used to delineate strata appear more appropriate for
the NL Study Area, and based on our analysis, density strata appear to be suitable for
both Study Areas. The densities observed within the Low and Medium strata also
remained relatively stable over the course of the study, even with commercial removals
allowed from both Study Areas. Commercial fleet effort in fishing year (FY) 2018 in both
Study Areas was more concentrated in the Low and Medium density strata (Asci, 2019).
Declines in density were seen in both High density strata. These declines are generally
thought to be associated with commercial removals and natural mortality, with natural
mortality potentially having a larger impact in the NL Study Area based on observed
commercial effort trends during the study in the area. The decline in the ET Study Area
was more pronounced than in the NL Study Area, where a decline was observed
throughout the study. Commercial effort in the ET High density stratum increased
substantially in FY 2019 (Asci, 2020). In the NL Study Area, the decline in density
began in Year 1 Q4 and was more noticeable beginning in Year 2. Minimal commercial
effort occurred in the NL Study Area in FY 2018 (Asci, 2019). Commercial effort in the
NL Study Area in FY 2019 was considerably lower compared to the ET Study Area and
was more concentrated in the Medium density stratum area (Asci, 2020). The density
declines in the High density strata may aid in understanding the impacts of removals,
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whether from fishing mortality or natural mortality, and assist with guiding the
development of management options to address future high density scallops beds that
may occur as a result of the successful rotational area management system used to
manage the fishery.
Densities observed in the NL High density stratum were significantly greater than
densities observed in the remaining NL Study Area or in any of the ET Study Area
density strata. The average density of 19.15 scallops m-2 in the NL High density
stratum was almost 28 times greater than the average density of 0.69 scallops m-2 in
the ET High density stratum, and the maximum density observed in the NL High density
stratum was 38.98 scallops m-2. While we did find an interaction of density and Study
Area, the physical location of where the NL high density bed of scallops was observed
may not be representative of future potential in this area and a result of chance. This
area has been considered marginal habitat for scallops based on depth and potentially
food availability compared to the ET Study Area. The underlying mechanism for why
scallops settled in this location is still unclear. Settlement may be a combination of
environmental conditions in conjunction with the location and timing of spawning that
impacted larval dispersal (Tian et al., 2009; Gilbert et al., 2010). The results from our
analyses support the concept that density and depth, not Study Area, are the driving
factors behind the slow growth and yield observed in the NL High density stratum.
Study Area was not found to be an important predictor of yield or RE, after accounting
for other predictor variables such as depth and density. An interaction of length and
density by Study Area was a significant predictor of catch-at-length, but this effect may
be a result of the extreme densities observed in the NL Study Area. The data obtained
from the ET support that the scallops in this area settled in productive habitat that
ultimately fostered growth, yield, and reproductive effort in line with expectations even
though initial data suggested slow growth and yield from scallops in this area. The
overarching impact of density, possibly in conjunction with settlement in marginal foodlimited habitat, should also be taken into consideration when drafting potential
management options to manage high density scallop beds.
Growth
Slow growth over the course of the study was only consistently observed in the
NL High density stratum. Based on observations of shell height data from resource
surveys collected prior to the start of this study, scallops in the ET High density stratum
also exhibited signs of slow growth. This slower growth was also assumed to be a
result of high densities based on the ET being a traditional area for the scallop resource
that typically supports strong growth. While shell height measurements of scallops in
the ET High density stratum initially indicated growth was lower than expectations,
beginning in Y1 Q4 (February – April 2019) shell height measurements began to
increase and growth became more aligned with predictions. The GAMM results also
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indicated that at the densities observed in the ET Study Area ( 0.0005 - 5.26 scallops m2
), the effect of density on scallop catch-at-length was as minor and the majority of
predicted catch would be approximately 100 mm in length. The causal mechanism for
improved scallop growth in the ET High density stratum is difficult to quantity and may
have been a result of environmental conditions, preferred habitat, depth, food
availability, and fishery removals. Based on results from the ET Study Area, it appears
that the effect of density on length was only observed in the NL High density stratum.
Results indicated that as density increased, mean length decreased and was
significantly lower compared to lower density observed shell heights. The GAMM
predictions showed that at the greatest densities, mean scallop catch-at-length would
be relatively consistent at approximately 65 mm. This decline in scallop catch-at-length
appears to be consistent beginning at approximately 7 - 8 scallops m-2. The
contribution of marginal habitat at depth and food resource issues in conjunction with
the effect of extreme density should be taken into consideration when interpreting
results.
Results from the von Bertalanffy growth analysis indicated density and depth
contributed to slower growth. The impact of density was again less pronounced in the
ET Study Area, where a reduction in 𝐿𝐿∞ was only observed at the maximum density of
5.26 scallops m-2. In the NL Study Area, decreases in 𝐿𝐿∞ occurred as density
increased. The predicted growth curves by Study Area were estimated with the mean
depth for the entire Study Area, and based on the depth ranges observed in the NL
Study Area (48 – 83 m), the combined effect of extreme density and depth may result in
further reductions in 𝐿𝐿∞ . The parameter estimates for both Study Areas differed from
other published estimates presented in Hart and Chute (2009). Our 𝐿𝐿∞ estimates were
greater for both Study Areas and 𝐾𝐾 was greater in the ET Study Area. Differences in
geographic area and timing of our study may have contributed to disparities in 𝐿𝐿∞ and 𝐾𝐾
parameter estimates. Our Study Areas were much smaller compared data presented in
Hart and Chute (2009). Our data were also collected in 2018 and 2019 compared to
1979 (Serchuk et al., 1979) and 2001 - 2007 (Hart and Chute, 2009). The 2018 stock
assessment concluded that there is “strong evidence that growth has changed over
time” (NEFSC, 2018). Shells collected from the NL High density strata were also
assumed to be from the same cohort, which may have an impact on results.
Yield
Based on predicted SHMW relationships, yield in the NL Study Area Yield was
consistently lower than in the ET Study Area and negatively affected by depth and
density. There was also a linear decrease in predicted meat weight as a function of
density for both Study Areas. The decline in meat weight was more pronounced in the
NL Study Area as a result of the extreme densities observed. This relationship may
also be an indicator for potential management options and warrant a discussion
58

between stakeholders and managers as to what is an optimal yield for the fishery.
Mean meat weight improved in the NL High density stratum in Year 1 Q4. Higher mean
meat weights were observed in the NL High density stratum for the remainder of the
project relative to Year 1. This increase corresponds to declining density in the stratum
and may indicate the response of scallops in underperforming high density beds can be
improved through decreasing density.
Reproductive Effort
Overall, scallop density was an important factor in predicting reproductive effort,
even when accounting for differences in depth between the two Study Areas. Study
Area was not included in the preferred model, indicating that differences in density,
depth, and shell height accounted for the observed differences in RE between scallops.
Our analysis shows that across shell height and depth, RE is reduced as density
increases. At the extreme densities observed in the NL Study Area, RE is much lower
compared to traditional densities found in the resource. Scallops with lower RE invest
less energy in gamete production and have lower spawning potential, potentially
contributing fewer new individuals to the population. The lower RE in the NL High
density stratum was also evident in the number of scallops assessed as an Unknown
maturity stage. Scallops assessed as an Unknown stage generally tend to be smaller
scallops that may not have yet reached maturity. While these scallops were at an age
where the majority should be considered mature, the number of scallops classified as
Unknown was six percent higher in the NL compared to the ET Study Area (NEFSC,
2018). The finding that density negatively impacts RE may negate a potential
management option of leaving underperforming high density scallop beds as spawning
reserves due to the limited contribution to the population. Further investigation into
fecundity, egg size, and egg quantity is warranted to better understand the impact of
density on reproductive success.
While this study focused on understanding the effect of density on growth, yield,
and reproduction, it is difficult to disentangle the effects of density, habitat, and food
availability. Food limitation should be further investigated to fully understand the
relationship between high density scallop beds, expected scallop biological functions
(i.e., growth, yield, and reproductive success), and fishery performance to maximize
yield. Results from our study will help manage the resource not only in the short term,
as demonstrated by study results being used to modify stock assessment parameters,
but also to react to these types of recruitment events in the future. It is with this
knowledge that management approaches can be crafted to assist in realizing potential
fishery yield. Below we offer several management options and topic areas for
consideration in dealing with high density scallop beds.
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Management Options
•

Develop a density threshold to evaluate the use of stock assessment biological
inputs to be more representative of current resource conditions.

Modifications to biological parameters could be completed at varying spatial scales,
depending on resource conditions. This approach has been taken by managers and
assessment scientists in the NL South Deep SAMS Area to adjust growth assumptions
for biomass estimation and projections. Modified SHMW parameters based on VIMS
survey data have been used to convert number of scallops to biomass for several years
to better represent the lower yield in this area. 𝐿𝐿∞ and 𝐾𝐾 parameters estimates for
biomass projections was also lowered based on shell sampled collected from the area to
be more representative of current conditions. Similar analyses were completed for the
ET Flex SAMS Area to assess if modifications to biological parameters were warranted.
Fishery managers and assessments scientists ultimately decided this area was not a
candidate for modifications. Identifying a density threshold to assess biological inputs
may aid in managing future high density scallops areas.
•

Allow for controlled harvest in high density areas

Limited evidence from this study suggests removals from the NL High Density stratum,
either from natural or fishing mortality, may have contributed to increased growth and
yield, although this is difficult to disentangle from variability in food supply. Allowing for
controlled harvest from high density beds in the future may assist in increased fishery
yield. A controlled harvest could be in the form of an access area designation for the
high density area with an allocation to this area. This approach may lead to greater
interest from stakeholders to harvest scallops from the area, with an understanding that
yield may be below expectation during the initial allocation and improve for future
allocation to the area. This approach may also require allowing harvest into the area
before provisions in Amendment 10 suggest access should be allowed (i.e., access
before optimal growth and yield are achieved).
•

Transplant under performing scallops in high density areas to more suitable
habitat

Results from this study indicate that a combination of density and depth contribute to
slower growth, yield, and reproductive effort. High density scallops located in marginal
habitat could be transplanted to more suitable habitat. This process would be associated
with the assumptions that subsequent growth to a harvestable size and mortality
attributed to transport would outweigh the economic cost of transplantation. The age at
which scallops are transplanted should be taken into consideration. The scallops in the
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NL Study Area were seven years old when this project began in 2018. There may be a
limited scope for growth and increased yield with scallop age. The Coonamessett Farm
Foundation (CFF) transplanted scallops from the NL High density area to more suitable
habitat in the NL in 2020. The response of these scallops to the process is still under
investigation and results from their study may help to inform future decisions regarding
transplantation. Other transplantation considerations should include transplant method,
area, and ability to monitor scallop growth and yield.
•

Monitoring

High density scallop beds identified through resource surveys should be monitored on an
annual basis, at a minimum. If transplantation is considered or will occur, monitoring of
transplanted scallops should also be considered. These monitoring efforts should include
collection of biological data (i.e., maturity data, shell height/meat weight, and age data) to
assess the impact of density on scallop biological processes. Monitoring data could be
used to inform biological inputs for management and assessment purposes. This study
illustrates the utility of increased temporal and spatial monitoring of high density scallop
beds. Higher resolution monitoring may be beneficial to optimize yield, as well as for
managers to aid in crafting future management measures for a specific area.
Project Scope of Work and Budget
The project scope of work and objectives were successfully completed with the
exception of conducting the last sampling trip (Year 2 Q4) in each Study Area. The last
two sampling trips were cancelled as a result of COVID-19 travel restrictions. Due to the
amount of time that passed between when the trips were supposed to be conducted and
when VIMS staff were allowed to resume travel and field work, it was decided that
completing the remaining trips would not be representative of the quarterly sampling the
project sought to capture. The project budget and compensation are provided in
Appendix J.
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Appendix A
Figure 1. Density strata boudaries in the NL Southern Deep SAMS area, along with VIMS 2018 NL survey
domain and station locations for the density dependent project July and October trips.

1

Figure 2. Density strata with 2017 VIMS survey total scallop catch in numbers.

2

Figure 3. Expanded scallop catch relative length frequency distributions by density level and trip, with
mean length.

3

Figure 4. Boxplots of shell height for individual scallops worked up for SHMW information by trip and
density level. SHMW work up includes selecting 30 scallops randomly at a station and taking weight
measurements of the meat, gonad and viscera separately. A shell height is also taken, and other
biological (i.e., sex and maturity stage) and market quality information (i.e., meat quality, texture,
nematode presence and shell blister disease) is recorded.

4

Figure 5. Boxplots of meat weight for individual scallops worked up for SHMW information by trip and
density level along with meat count.

Table 1. Mean meat, gonad and viscera weight (g) by density level and trip.
Density Level
High Density
Medium
Density
Low Density

Trip
July Trip
October
Trip
July Trip
October
Trip
July Trip
October
Trip

mean_meat mean_gonad mean_viscera
7.51
1.52
14.06
8.04
27.88

1.28
8.78

17.98
41.77

18.22
39.08

3.81
13.62

34.57
54.35

26.8

5.77

47.3
5

Figure 6. Boxplots of gonad weight for individual scallops worked up for SHMW information by trip and
density level.

6

Figure 7. Boxplots of viscera weight for individual scallops worked up for SHMW information by trip and
density level.

7

Figure 8. Boxplots of Residual Reproductive Value (RRV) for individual scallops worked up for SHMW
information by trip and density level. RRV = (Pg/(Pg+Ps)*100, where Pg is gonad weight and Ps is meat
weight + viscera weight.

8

Figure 9. Picture of a scallop in the high density area in July.

9

Figure 10. Picture of scallops for SHMW workup from the high density strata from the July trip at one
station.

10

Figure 11. Predicted SHMW relationships by density level.

11

Appendix B

VIMS NL South Deep
Information

Density Dependent RSA Project

• Quarterly sampling since July 2019 in South Deep Area
• 21 randomly selected stations, 7 in each density strata

Density Dependent RSA Project
Length Distributions

Density Dependent RSA Project
Meat Count

• Maximum meat weight in high density area variable - Table 1
in VIMS August 2019 NL Analysis

Density Dependent RSA Project
Reproductive Potential

• Boxplots of Residual Reproductive Value (RRV) for individual scallops worked up for
SHMW assessment by trip and density level. RRV = (Pg/(Pg+Ps)*100, where Pg is gonad
weight and Ps is meat weight + viscera weight.

2019 NL Survey Length Distributions
• Mean length increased in
2019
• 2018
Survey – 78.4 mm
Com – 83.6 mm
• 2017
Survey – 77.7 mm
Com – 85.5 mm
• Variability around mean
length in 2019
• Growth observed
beginning in January of
2019

2019 NL Survey Meat Weight & Quality
• South Deep has lowest
SHMW relationship
• Mean weight 2019:
• Total – 10.11 g
• Exploitable – 14.63 g
• Exploitable mean weight only
increased by 0.41 g. 2018
mean weight – 14.22 g
• Meat count is mostly 30-40
for commercial dredge
• Meat quality assessed as
excellent for color and texture
• No nematode lesions

2016 - 2019 NL Survey Length Distributions

2016 - 2019 NL Survey Length Distributions
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The effect of density on growth, yield, and reproduction of
the Atlantic sea scallop, Placopecten magellanicus
David Rudders, Roger Mann, Sally Roman, and Kaitlyn Clark
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Background to project
Scallop growth, yield, and
reproduction are important
components of assessment models
⁻ On average, these processes are
well understood across the
resource in typical conditions
⁻ Scallop management relies on our
understanding of these
relationships

Spatial management strategies
Goals of spatial management
⁻ Identify areas of high juvenile scallop density
⁻ Close those areas to fishing to take
advantage of rapid growth in early years

We assume these high density areas
perform according to resource averages
⁻ Two recent high density recruitment events
⁻ Nantucket Lightship - South in 2012 and
Elephant Trunk Flex in 2013

Potential for density dependence
Density can affect one or more
vital rates, including growth,
survival, or reproductive output
⁻ Effect can become stronger as
the population grows and
individuals compete for
resources
⁻ NL-S and ET-Flex represent
natural density dependence
experiments
SMAST DropCam

Documenting performance at high densities
Following cohorts
that settled at high
densities in two very
different habitats
⁻ Quarterly sampling
across two years
with an emphasis
on growth, yield,
and reproduction

Nantucket Lightship - South
Overview
⁻ Likely in a
food-limited
environment
⁻ Possible
amplification of
this effect as a
function of
density

Nantucket Lightship - South
Growth
⁻ As of Jan 2020,
the mean shell
height was
85–90 mm
⁻ Roughly
equivalent to a
3–4 year-old
animal
⁻ This cohort is 8
years old

Nantucket Lightship - South
Growth
⁻ As of Jan 2020,
the mean shell
height was
85–90 mm
⁻ Roughly
equivalent to a
3–4 year-old
animal
⁻ This cohort is 8
years old

Nantucket Lightship - South
Yield
⁻ Below
expectations
in highdensity
scallops
⁻ Average of
40–50 MPP
in Jan 2020

Nantucket Lightship - South
Yield
⁻ Below
expectations
in highdensity
scallops
⁻ Average of
40–50 MPP
in Jan 2020

Nantucket Lightship - South
Reproduction
⁻ Limited
gametogenesis
has been
observed
⁻ Egg viability and
actual
contribution to
the spawning
stock is
unknown

Elephant Trunk - Flex
Overview
⁻ Productive area
⁻ Ultimately
fostered growth,
yield, and
reproductive
output in line with
expectations

Elephant Trunk - Flex
Growth
⁻ Initial slow growth
⁻ On average have
returned to near
normal size at age
⁻ As of Jan 2020,
mean shell height
is 115–120 mm

Elephant Trunk - Flex
Growth
⁻ Initial slow growth
⁻ On average have
returned to near
normal size at age
⁻ As of Jan 2020,
mean shell height
is 115–120 mm

Elephant Trunk - Flex
Yield
⁻ Meets expectations
of shell height to
meat weight
⁻ Average of 10–20 MPP
in Jan 2020

Elephant Trunk - Flex
Reproduction
⁻ No abnormalities
observed with
respect to the
development of
gametes

Summary
Density likely plays a role in growth,
yield, and reproduction, particularly
in areas of marginal habitat
⁻ Other factors are important in
describing what was observed in
NL-S and ET-Flex
⁻ Collected data were used to modify
existing growth and yield
assumptions during the
development of annual fishery
specifications
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1.0

EXECUTIVE SUMMARY

Project Title: The Effect of Density on Growth, Yield and Reproduction of the Sea Scallop, Placopecten
magellanicus
Year Awarded: 2018
RSA Priorities Addressed By This Research:
1. Scallop meat quality research
a. Research aimed at evaluating the impact of density dependence and the potential impacts of area
rotation on scallop product quality, marketability, meat weights, and seasonal monitoring would
be particularly useful.
2. Research on other scallop biology projects
a. Studies aimed at understanding recruitment processes (reproduction, timing of spawning, larval
and early post-settlement stages), and seasonal growth patterns of scallop shell height and meat
and gonad weight, as well as research to evaluate the potential impacts of scallop spat and seeding
projects.
Industry Partners: Atlantic Capes Fisheries, Santos Fisheries
Growth, mortality and reproduction are fundamental processes that are critical in order to describe population
changes over time. It is the understanding of these processes that are foundational to mathematically describing
them. As such, a core element of fisheries science is providing empirical support for the assumptions used in
mathematical models. The utility and accuracy of such models is dependent upon the quality of these inputs.
The accurate description of population dynamics for a species represents only one component of effective
management. In many cases, fisheries managers leverage the understanding of life history characteristics and
use these attributes to craft measures to achieve management objectives.
The sea scallop has a complex life history with a pelagic, dispersing larval phase. Settlement to the benthos and
subsequent metamorphosis to the juvenile form can result in dense aggregations. Despite a mobile juvenile
form, directed movement and subsequent dispersal from settlement sites are thought to be limited. Thus,
aggregations of juveniles typically progress to high densities of sub-harvest size, and eventually harvestable size
scallops. The ability to detect such occurrences of high density settlement has been enhanced by the intensity
and resolution of sea scallop resource monitoring over the last decade. This monitoring has resulted in the
detection of two large recruitment events. Originating from the 2012 year class, a large event was observed
along the southern flank of Georges Bank, with the epicenter located in the southern portion of the NLCA. The
other event, from the 2013 year class, is in the Elephant Trunk Closed Area in the mid-Atlantic Bight.
At the time, a significant portion of the estimated biomass was contained in these two areas, with the majority
of this biomass being in high density beds. Initial observations suggested that scallops in these beds were
characterized by slow growth, below average yield and questionable contributions to egg production. Given the
potential importance of these animals to the resource in the near term (e.g. setting of fishery specifications –
ABC/ACL) and the potential for similar high density recruitment events to occur in the future, we conducted a
two-year study to investigate the effect of density on scallop growth, yield and reproduction. We proposed to
examine these vital functions across both high density areas within the NL and ET Flex via a quarterly sampling
approach. Results from this study will enhance our knowledge of the scallop population with respect to
conditions that diverge from normal circumstances. Results will also allow for better management of the
resource when these situations occur in the future, as well as inform managers regarding expectations for
scallops currently in the proposed study areas.
2

2.0

PRELIMINARY RESULTS AND DISCUSSION
•

Over the two years of the study, seven trips were conducted on a quarterly basis (the fourth trip was
delayed due to covid 19 restrictions). From those trips samples across three density strata were collected
and data related to growth, yield and reproduction was collected.
o The data supports the hypothesis that the scallops in the NL-S (high density area that contains the
majority of the biomass) are existing in a likely food limited environment with possible
amplification of this effect as a function of density.


Growth – as of Jan. 2020 the mean shell height was 85-90 mm. That is roughly
equivalent to a 3-4 year old animal. This cohort is 8 years old.



Yield – below expectation, with an average of 40-50 MPP as of Jan. 2020.



Reproduction- limited gametogenesis has been observed, egg viability and actual
contribution to the spawning stock is unknown.

o The data obtained from the ET-Flex supports that the scallops in this area settled in productive
habitat that ultimately fostered growth, yield and reproductive output in line with expectations.


Growth- After indications of initial slow growth, on average the scallops in this area
returned to near normal size at age.



Yield – meets expectations for shell height to meat weight relationship.



Reproduction – No abnormalities observed with respect to the development of gametes.

o Collected data was used to modify existing growth and yield assumptions during the
development of annual fishery specifications.

3.0

SPECIAL COMMENTS

We started this project with the goal of understating the effect of density on the vital functions of sea scallops.
While, high density events are typical of an animal with this type of life history strategy, insights into these
processes provide a more comprehensive understanding of scallop biology and ecology. In turn, this
understanding helps manage the resource not only in the short term as demonstrated by study results being used
to modify stock assessment parameters, but also to anticipate these types of recruitment events in the future. It
is with this knowledge that management approaches can be crafted to assist in realizing potential fishery yield.
Ultimately, our results suggest that the process is likely a complex one with scallop density playing a role,
especially in areas of marginal habitat. Differential outcomes for the two study areas suggest that other factors
and possibly an interaction between factors is important in describing what was observed in the NLS-S and ETFlex areas. Analysis of the collected data continues and a greater understanding of scallop ecology is hoped to
be gained.

3

Appendix E

The effect of density on reproductive
effort in the Atlantic sea scallop
Kaitlyn R. Clark,* Sally Roman, Roger Mann, and David B. Rudders
*krclark@vims.edu
NSA 2021 | 24 March 2021

Introduction

Methods

Results

Discussion

Conclusion

Atlantic sea scallop fishery
Atlantic sea scallops
(Placopecten magellanicus)

Kaitlyn Clark

⁻

Second most valuable
fishery in the U.S.

⁻

In 2019, the industry
brought in 28,000 metric
tons valued at $570 million
(NOAA, 2020)
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Atlantic sea scallop fishery

(NEFSC, 2018)
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Conclusion

Rotational management strategies
Goals of spatial management
⁻

Identify areas of high juvenile scallop density

⁻

Close those areas to fishing to allow time for
growth and spawning

Decisions incorporate forward projections
⁻

Projections rely on understanding of growth,
yield, and reproduction in typical conditions
Kaitlyn Clark
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High-density recruitment events

(NEFSC, 2018)
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High-density recruitment events

(NEFSC, 2018)
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Methods

Results

Discussion

Conclusion

Research question

Unique opportunity to conduct a
natural experiment
⁻

How well does our understanding
of sea scallop vital rates hold in
these high-density aggregations?

⁻

How can we best manage these
high-density aggregations to
contribute to future fishery yields?

What is the effect of
density on growth,
yield, and
reproduction in
Atlantic sea scallops?
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Research question

Unique opportunity to conduct a
natural experiment
⁻

How well does our understanding
of sea scallop vital rates hold in
these high-density aggregations?

⁻

How can we best manage these
high-density aggregations to
contribute to future fishery yields?

What is the effect of
density on growth,
yield, and
reproduction in
Atlantic sea scallops?
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Sea scallop reproduction
Sea scallops employ broadcast
spawning and free-swimming,
feeding larvae
⁻

Higher densities are assumed to
lead to higher rates of fertilization

⁻

Assumption only holds if
individuals are producing gametes
at the expected rate

(Stewart and Arnold, 1994)

Introduction

Study sites

Following cohorts that
settled at high densities
in two very different
habitats
⁻

Quarterly sampling
across two years
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Study sites

Following cohorts that
settled at high densities
in two very different
habitats
⁻

Quarterly sampling
across two years
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Study sites
Elephant Trunk

Nantucket Lightship

Density strata*
Low
Medium
High

*7 stations per strata per trip
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At-sea sampling
Sea Scallop Research Program

Dredge

Sort pile

Dissect scallops

Conclusion

Introduction

Methods

Results

Discussion

Conclusion

Sea scallop anatomy and reproductive effort
Gonad

Gonad

𝑅𝑅𝑅𝑅 = 𝑃𝑃𝑟𝑟 /(𝑃𝑃𝑟𝑟 + 𝑃𝑃𝑔𝑔 )

𝑃𝑃𝑟𝑟 = gamete
production
(gonad weight)

𝑃𝑃𝑔𝑔 = somatic
production
(meat weight plus
viscera weight)

Viscera

Meat
Kaitlyn Clark
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Model development
log(𝑅𝑅𝑑𝑑𝑠𝑠𝑓𝑓𝑡𝑡𝑑𝑑𝑢𝑢𝑑𝑑𝑡𝑡𝑑𝑑𝑅𝑅𝑑𝑑 𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒) =
Reproductive attributes
Sampling period
Interactions
Random effect

𝛽𝛽0 + 𝛽𝛽1 𝑆𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙 ℎ𝑒𝑒𝑒𝑒𝑔𝑔𝑒𝑒𝑒 + 𝛽𝛽2 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑 + 𝛽𝛽3 𝐷𝐷𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷 +
𝛽𝛽4 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝛽𝛽5 𝑆𝑆𝑆𝑆𝑥𝑥 +

𝛽𝛽6 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 + 𝛽𝛽7 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 +

𝛽𝛽8 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑 ∗ 𝐷𝐷𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷 + 𝛽𝛽9 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑 ∗ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 + 𝛽𝛽10 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑 ∗ 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 +
𝛾𝛾𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖 + ∈
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Preliminary results and model predictions
In Nantucket Lightship,
sea scallops in highdensity aggregations
exhibit lower
reproductive effort
⁻

Less energy available
for gamete production

⁻

Lower spawning
potential

Conclusion

Introduction

Discussion and next steps
Preliminary findings
⁻

Density appears to impact reproductive
effort, though it plays a larger role when
there are other limiting factors in the
environment

Management implications
⁻

High-density aggregations may not
respond reliably to rotational area closures

⁻

Habitat suitability should be considered in
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Appendix F

The effect of density on reproductive effort in the Atlantic sea scallop
Kaitlyn R. Clark, Sally Roman, Roger Mann, and David B. Rudders
Virginia Institute of Marine Science, William & Mary

Results

Introduction

Conclusion
1. Density appears to impact reproductive
effort, though it plays a larger role when
there are other limiting factors in the
environment.

The Atlantic sea scallop (Placopecten magellanicus) fishery is the second most valuable in the
U.S., bringing in 28,000 metric tons of meats valued at $570 million in 2019 (NOAA, 2021).
Though the fishery has historically experienced extreme variation in landings, it has benefited
from recent effort reductions and a system of rotational area closures designed to protect
juvenile scallops. When areas of high juvenile scallop density are identified in yearly resource
surveys, the New England Fishery Management Council may choose to close the area to take
advantage of rapid increases in growth, yield, and spawning potential in early years (Figure 6).
Two recent extremely high-density recruitment events challenged this management strategy.
In 2012 and 2013, high numbers of scallop larvae settled out in two areas: the Nantucket
Lightship and the Elephant Trunk (Figure 1). The resulting juveniles persisted at high densities
and initially demonstrated growth below expectations (Figure 7). These high-density
aggregations afforded an opportunity to conduct a natural experiment and determine how
well our understanding of sea scallop growth, yield, and reproduction holds in atypical
conditions. A primary objective was to determine the effect of density on reproductive
effort in Atlantic sea scallops. Because sea scallops are broadcast spawners, high-density
aggregations are assumed to have higher rates of fertilization, but this assumption only holds
if individuals are producing gametes at the expected rates.

Figure 3: Shell height
(mm) across the seven
sampling periods and
three density levels in
the Elephant Trunk and
Nantucket Lightship.

By summer 2018, shell heights were similar across density levels in the Elephant Trunk (Figure
3). In the Nantucket Lightship, sea scallops in the high-density aggregations had consistently
smaller shell heights than those in medium- or low-density aggregations.

2. The assumed higher rates of fertilization at
high densities may not be enough to offset
declines in reproductive effort.

3. High-density aggregations may not respond
reliably to rotational area closures, and
habitat suitability should likely be
considered in spatial management decisions.

Figure 6: Juvenile sea scallops from a 2020 survey in the
Mid-Atlantic Bight. A pulse of recruitment was observed
north of the Elephant Trunk in the Hudson Shelf Valley.

Next steps

Methods

1. Use histological methods to
examine gonad samples
collected during at-sea
sampling to investigate
differences in gamete
development and egg quality
between density levels and
study sites.

Figure 4: Reproductive
effort across the seven
sampling periods and
three density levels in
the Elephant Trunk and
Nantucket Lightship.

Nantucket Lightship

Reproductive effort shows a similar pattern to shell height, with little difference between
densities in the Elephant Trunk but a consistent pattern of lower reproductive effort in the
high-density aggregations in the Nantucket Lightship (Figure 4).
Density Level

Elephant Trunk

Data were analyzed using a linear mixed model with a log-normal error distribution. A
random effect of station was included to account for the clustering of sea scallops dissected
from the same tow. Interaction terms were included to account for the variations in response
between the study sites:

Low Density
Medium Density

High Density

Figure 1: Density strata at the two study sites: Elephant Trunk and Nantucket Lightship. Seven stations were sampled in each density
strata during each of seven sampling periods.

Sampling was conducted quarterly from
summer 2018 to winter 2020. Twentyone stations were sampled per trip, with
seven stations in each of three density
strata (Figure 1). Thirty scallops were
dissected at each station, and the gonad,
meat, and viscera were weighed
separately to determine reproductive
effort as follows:

Gonad
(female)

𝑅𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝐸𝑓𝑓𝑜𝑟𝑡 = 𝑃𝑟 /(𝑃𝑟 + 𝑃𝑔 )

where 𝑃𝑟 represents gamete production
(estimated as gonad weight) and
𝑃𝑔 represents somatic production (meat
weight plus viscera weight, Figure 2).

Viscera

Meat

Figure 2: Sea scallop anatomy used to determine reproductive
effort, including the gonad, meat, and viscera.

2. Evaluate dominant food
sources in the study sites and
across the resource through
stable isotope analysis of
adductor muscle tissues.
Figure 7: Sea scallops from a tow in the high-density portion of the Nantucket
Lightship. Note the remarkably uniform shell heights throughout the catch.

log(𝑅𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑜𝑟𝑡) = 𝛽0 + 𝛽1 𝑆ℎ𝑒𝑙𝑙 ℎ𝑒𝑖𝑔ℎ𝑡 + 𝛽2 𝐴𝑟𝑒𝑎 + 𝛽3 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 + 𝛽4 𝑆𝑡𝑎𝑔𝑒 +
𝛽5 𝑆𝑒𝑥 + 𝛽6 𝑄𝑢𝑎𝑟𝑡𝑒𝑟 + 𝛽7 𝑌𝑒𝑎𝑟 + 𝛽8 𝐴𝑟𝑒𝑎 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 + 𝛽9 𝐴𝑟𝑒𝑎 ∗ 𝑄𝑢𝑎𝑟𝑡𝑒𝑟 +

Reference

𝛽10 𝐴𝑟𝑒𝑎 ∗ 𝑌𝑒𝑎𝑟 + 𝛾𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑖 + ∈
Preliminary results indicate that highdensity aggregations exhibit lower
reproductive effort and have less
energy available for gamete
production at a given shell height
(Figure 5). However, there are
marked differences in the response
between study sites. The Elephant
Trunk is a productive sea scallop
habitat with a history of high
recruitment. The Nantucket Lightship
is a more marginal habitat, and limits
on food availability may be
compounding the effect of density.

National Marine Fisheries Service, 2021. Commercial fisheries landings. Available at: U.S.
Department of Commerce, https://www.fisheries.noaa.gov/national/sustainablefisheries/commercial-fisheries-landings.
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fishery in the U.S.
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In 2019, the industry
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(NOAA, 2020)
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Rotational management strategies
Goals of spatial management
⁻

Identify areas of high juvenile scallop density

⁻

Close those areas to fishing to allow time for
growth and spawning

Decisions incorporate forward projections
⁻

Projections rely on understanding of growth,
yield, and reproduction in typical conditions
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Research question

Unique opportunity to conduct a
natural experiment
⁻

How well does our understanding
of sea scallop vital rates hold in
these high-density aggregations?

⁻

How can we best manage these
high-density aggregations to
contribute to future fishery yields?

What is the effect of
density on growth,
yield, and
reproduction in
Atlantic sea scallops?
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Sea scallop reproduction
Sea scallops employ broadcast
spawning and free-swimming,
feeding larvae
⁻

Higher densities are assumed to
lead to higher rates of fertilization

⁻

Assumption only holds if
individuals are producing gametes
at the expected rate

(Stewart and Arnold, 1994)
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across two years from
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Study areas
Elephant Trunk

Nantucket Lightship

Density strata*
Low
Medium
High

*7 stations per strata per trip
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Sea scallop anatomy and reproductive effort
Gonad

Gonad

𝑃𝑃𝑟𝑟
𝑅𝑅𝑅𝑅 =
× 100
𝑃𝑃𝑟𝑟 + 𝑃𝑃𝑔𝑔

𝑃𝑃𝑟𝑟 = gamete
production
(gonad weight)

𝑃𝑃𝑔𝑔 = somatic
production
(meat weight plus
viscera weight)

Viscera

Meat
Kaitlyn Clark
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Model development
l𝑙𝑙(𝑅𝑅𝑑𝑑𝑠𝑠𝑓𝑓𝑡𝑡𝑑𝑑𝑢𝑢𝑑𝑑𝑡𝑡𝑑𝑑𝑅𝑅𝑑𝑑 𝑒𝑒𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒) =

𝛽𝛽0 + 𝛽𝛽1 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑 + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷

Reproductive attributes
Interactions
Random effects

+ 𝛽𝛽3 ln(𝑆𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙 𝐻𝐻𝐻𝐻𝐻𝐻𝑔𝑔𝐻𝐻𝐻) + 𝛽𝛽4 ln(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)

+ 𝛽𝛽5 𝑆𝑆𝑒𝑒𝑥𝑥 + 𝛽𝛽6 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝛽𝛽7 𝑆𝑆𝑆𝑆𝑚𝑚𝑆𝑆𝑙𝑙𝑆𝑆𝑆𝑆𝑆𝑆𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄

+ 𝛽𝛽8 𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷 + 𝛽𝛽9 ln(𝑆𝑆𝑆𝑆𝑆𝑙𝑙𝑙𝑙 𝐻𝐻𝐻𝐻𝐻𝐻𝑔𝑔𝐻𝐻𝐻) ∗ ln(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)
+ 𝛾𝛾𝑆𝑆𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖 + 𝛾𝛾𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑗𝑗 + ∈
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Effect of depth
⁻
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food resources at
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Main findings
⁻

Extremely high densities do impact
reproductive effort, particularly in deeper
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limiting factors

Management implications
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High-density aggregations may not
respond reliably to rotational area closures
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Habitat suitability may be important in
spatial management decisions

Methods

Results

Discussion

Conclusion

Introduction

Discussion and next steps
Next steps
⁻

Examine gonad samples using
histological methods to investigate
differences in gamete development

⁻

Evaluate trends in food sources across the
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Sea scallop life history
Sea scallops have a complex life
history with a free-swimming,
feeding larval phase
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Larvae disperse before settling to
the benthos and metamorphosing
into juveniles
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Rotational management strategies
Goals of spatial management
⁻
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Decisions incorporate forward projections
⁻
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Yield analysis
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⁻
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was estimated at 10.07 g
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Reproductive effort analysis
Reproductive effort
declined at extremely
high densities
⁻

33% reduction in
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the NL
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Discussion and next steps
Main findings
⁻

Growth, yield, and reproduction are
complex processes in these extremely
high-density aggregations

⁻

Scallop density appears to play a role,
especially in areas of marginal habitat
like the South Deep SAMS Area of the
Nantucket Lightship

Sally Roman

Introduction

Methods

Results

Discussion

Conclusion

Discussion and next steps
Potential management implications
⁻

High-density aggregations may not respond
reliably to rotational area closures
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Habitat suitability may be an important factor
in spatial management decisions
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Final report will be published in summer 2021
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Starting a pilot project to evaluate trends in
food sources across the resource through
stable isotope analysis
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1.0

EXECUTIVE SUMMARY

Project Title: The Effect of Density on Growth, Yield and Reproduction of the Sea Scallop,
Placopecten magellanicus
Year Awarded: 2018
RSA Priorities Addressed by This Research:
1. Scallop meat quality research
a. Research aimed at evaluating the impact of density dependence and the potential
impacts of area rotation on scallop product quality, marketability, meat
weights, and seasonal monitoring would be particularly useful.
2. Research on other scallop biology projects
a. Studies aimed at understanding recruitment processes (reproduction, timing of
spawning, larval and early post-settlement stages), and seasonal growth
patterns of scallop shell height and meat and gonad weight, as well as research
to evaluate the potential impacts of scallop spat and seeding projects.
Industry Partners: Atlantic Capes Fisheries, Santos Fisheries
A characterization of the vital functions of a species forms the basis of a full understanding of its
population dynamics. Growth, mortality, and reproduction are fundamental processes critical to
how populations change over time, and an understanding of these processes is foundational to
mathematically describing them or crafting effective measures to achieve a management
objective.
The sea scallop has a complex life history with a pelagic, dispersing larval phase. Settlement to
the benthos and subsequent metamorphosis to the juvenile form can result in dense aggregations.
Despite a mobile juvenile form, directed movement and subsequent dispersal from settlement
sites are thought to be limited. Thus, aggregations of juveniles typically progress to high
densities of sub-harvest size, and eventually harvestable size scallops. The ability to detect such
occurrences of high-density settlement has been enhanced by the intensity and resolution of sea
scallop resource monitoring over the last decade. This monitoring has resulted in the detection of
two large recruitment events. Originating from the 2012 year class, a large event was observed
along the southern flank of Georges Bank, with the epicenter located in the southern portion of
the Nantucket Lightship Closed Areas (NL). The other event, from the 2013 year class, is in the
Elephant Trunk Closed Area (ET) in the Mid-Atlantic Bight.
At the time, a significant portion of the estimated biomass was contained in these two areas, with
the majority of this biomass being in high-density beds. Initial observations suggested that
scallops in these beds were characterized by slow growth, below average yield, and questionable
contributions to egg production. Given the potential importance of these animals to the resource
in the near term (e.g. setting of fishery specifications – ABC/ACL) and the potential for similar
high-density recruitment events to occur in the future, we conducted a two-year study to
investigate the effect of density on scallop growth, yield, and reproduction and assess the
viability of different management options to manage high-density scallop beds in the future.
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2.0

PRELIMINARY RESULTS AND DISCUSSION
•

•

3.0

Over the two years of the study, seven trips to each study area were conducted on a
quarterly basis (the fourth trip was cancelled due to COVID-19 restrictions). Sampling
occurred across three density strata, and data were collected on growth, yield, and
reproduction.
o Growth Analysis:
 After indications of initial slow growth, on average the scallops in this
area returned to near normal size at age. Over the course of the study, the
mean length of scallops in the ET did not differ between density strata.
 In the NL, there were major differences in mean length between density
strata. Mean length estimates for the density strata were estimated at
120.52, 110.11, and 89.07 mm for the low, medium, and high-density
strata, respectively.
o Yield Analysis:
 The NL shell height:meat weight (SHMW) relationship was consistently
lower across the length range of scallops assessed compared to the SHMW
relationship estimated for the ET.
 For both study areas, the mean meat weight of a 100 mm scallop declined
as density increased, and there was an average difference of 1.73 g
between the ET and NL study areas at similar densities. At the highest
density observed in the NL (38 scallops/m2), average meat weight was
estimated at 10.07 g.
o Reproductive Effort Analysis:
 In the NL high-density strata, fewer scallops exhibited reproductive
activity than in the medium or low-density strata. Reproductive activity
was remarkably similar across density strata in the ET.
 Reproductive effort (the ratio of gonad weight to total tissue weight)
declined as density increased, with a 33% reduction in reproductive effort
from 0.05 scallops/m2 (low-density beds) to 38 scallops/m2 (highest
densities observed in the NL). Scallops with lower reproductive effort
contribute less energy to gamete production and have lower spawning
potential.
Generally, the data support the hypothesis that the scallops in the south deep portion of
the NL are likely in a food-limited environment with possible amplification of this effect
as a function of density. The data obtained from the ET support that the scallops in this
area settled in productive habitat that ultimately fostered growth, yield, and reproductive
effort in line with expectations.

SPECIAL COMMENTS

We started this project with the goal of understanding the effect of density on the vital functions
of sea scallops. While high-density events are typical of an animal with this type of life history
strategy, insights into these processes provide a more comprehensive understanding of scallop
biology and ecology. In turn, this understanding helps manage the resource not only in the short
term—as demonstrated by study results being used to modify stock assessment parameters—but
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also to react to these types of recruitment events in the future. It is with this knowledge that
management approaches can be crafted to assist in realizing potential fishery yield.
Ultimately, our results suggest that the process is likely a complex one with scallop density
playing a role, especially in areas of marginal habitat. Differential outcomes for the two study
areas suggest that other factors and possibly an interaction between factors is important in
describing what was observed in the NL and ET areas. A full analysis of the collected data will
be published shortly in a final report.
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